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ABSTRACT

-

-~7A multivariable control aystea for a deeply submerged aubaarine
with active roll control is designed using the Linear Quadratic
Gaussian with Loop Transfer Recovery (LQG/LTR) method. A linear
nodel of the submarine is developed for a 1 degree rudder deflection
at a speed of 15 knots. The linear model is then scaled for units
and input/output weightings and augmented with integqral control in
all four input channels. Using the properties of the linear model, a
Model Based Compensator (MBC) is designed by shaping the singular
values of a Kalman Filter to meet desired performance criteria and
then recovering the singular value shapes using the Kwaakernaak
recovery process. During extensive testing at speeds from 15 to 30
knots, the compensator performed well enough so that gain scheduling
was not employed. Next, the compensator is compared to one designed
for a 30 knot model. Finally, an Anti-Reset Windup (ARW) strategy is

e-ployed to counter the effects of control surface saturation. /-,. - s
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CHAPTER 1

INTRODUCTION AND SUMMARY

1.1 Backaground and Discussion of Prior Work

The introduction of nuclear propulsion and hydrodynamically efficient
hullforms on submarines have resulted in platforas capable of very high
submerged speed for prolonged periods of time. At these high speeds, ship
control is a coaplex problea due to the dynamic forces and moments acting
on the submarine. During a maneuvering situation, the cross-ilow and
nonsyametric flow over the hull may create a situation in which the
submarine can not be safely operated using our present method of ship
control. This requires that speed and depth restrictions be imposed on the
employment of the submarine.

Presently, submarine control aystems are designed by decoupling the
vertical and horizontal planes of motion, looking at the individual

input/output transfer functions and "shaping™ the response as desired.

I

e
PO

This requires the use of an oversimplified model of a very coaplex dynamic

system. The recent development of the Linear-Quadratic-Gaussian with Loop

Transfer Recovery (LQG/LTR) methodology has provided a powerful tool for

v

o )i. o

the design of amultivariable control systems. However, as L@G/LTR is

relatively new, research is required to investigate the inherent

BNl %

limitations of the methodology and develop practical applications for its

.oy
NN

use.

’
PO

Within the last few years, several examples of the practical use of

- v
e

LGG/LTR have been researched. Multiple Input Multiple Output (MIMO)
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controllers for gas turbine engines have been developed (1] (2} [3].
Several examples of submarine control systems have also been developed.

The submarine controller design by Harris (4] dealt with use of an
inverted-Y sternplane configuration. Of particular interest though are the
designs of Milliken (S1, Dreher (6] and Lively (7]1. These designs all used
the standard cruciform stern confiquration presently in use on U.S.
submarines. Nilliken’s controller was sufficient for depth and course
keeping. Acceptable performance during depth and/or heading changes was

obtained only for small changes over long periods of time (i.e. small depth

and heading rates). Dreher designed two rate controllers. One controlled
;? { depthrate and heading rate directly and the other atteapted to control

[!!7 these rates by using pitch angla and yawrate. In both caaes, acceptable
>;:' perforaance was obtained only for small rates.

The design by Lively provided the best examp'e of using the

Linear-Quadratic-Gaussian with Loop Tranafer Recovery (LQG/LTR) design
methodology for submarine control. In an attempt to capture the
raneuvering dynamics of the submarine, the linear model for this design
used a diving turn for a nominal point. By using linear compensators
designed at speeds of 5, 10, 15, 20 and 25 knots, a nonlinear compensator
was empioyed using gain scheduling. This provided for control of the
submarine over the speed range of 5 to 25 knots during speed changes as
well as at discrete intermediate speeds.

Additionally, Martin (8] has recently shown the merits of active roll
control over the conventional cruciform configuration for & aubmarine at 79
knots. By comparing LGG/LTR controllers with and without differential

sternplane deflaction capability, better maneuvering characteristics were

realized eapecially in the area of depthkeeping during turns.




1.2 Contributions of the Thesis

The purpose of this thesis ia twofold: to develop a practical exanmple
of the use of LQG/LTR and to help open an avenue for advancement in the
area of submarine ship control systems. It is intended that this thesis be
considered a feasibility design showing the promise of using active roll
control through differential deflection of the sternplanes and not a final
detailed design ready for impiementation aboard a submarine. A project of
that magnitude is cbviously beyond the scope of this thesis due to
financial and time considerations.

In coaparison to the work of Lively, this thesis shows that using
active roll control through differential deflection of the sternplanes
eliminates the need for a gain scheduled nonlinear compenstitor to provide
adequate control for speeds of 15 to 30 knots. Further research may even
permit this speed range to be expanded.

To show the effects of crossover frequency on the response and
stability of the ciosed loop system, a comparison is made to the
compensator designed by Martin [8]. Following this comparison, an
Anti-Reset Windup (ARW) feedback loop is employed to countar the efiects of

integrator windup during control aurface saturation.

1.3 OQutline of the Thesis

The nonlinear and linear aodels of the submarine are discussed in
Chapter 2. A brief description of the nonlinear equationa of motion used
for submarine simulation at the Charles S. Draper Laboratory (CSDL) is
presentad. This is followed by a discussion of the linearized model

employed in the deaign of the LQG/LTR compensator.
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Chapter 3 contains an analysis of the linear model. The analysis
begins with a reduction in the order of the linear model. Scaling is then
applied to provide the designer with a more understancdable system of units
and to weight the inputs and outputs. Next, the pole/zero structure and
eigenvectors of the open loop submarine model are presented. The chapter
ends with a discussion of performance requirements and specifications. In
this secticn, the concept of singular values is introduced.

Chapter 4 begins with a discussion of the Model Based Compensator
(MBC) concept and the LQG/LTR methodology. The design of the compensator
for the linear model is theﬁ presented. The chapter ends with a
deacription of the compensator and results of some of the maneuvering
sinulations.

Chapter S begins with & discussion of additional maneuvering
simulations for the 15 knot compensator, concentrating on more complex
naneuvers. A direct comparison between the compensator designed in this
thesis and that designed by Martin {8] is also presented in Chapter S.

A brief discussion on the use of Anti-Reset Windup feedback to reduce
the effects of integrator windup in the presence of saturating actuators is
contained in Chapter 6. This is followed by implementation of an
Anti-Reset Windup feedback loop in the 15 knot compensator and presentation

of 3ome results which demonatrate ita effectiveneas.

Chapter 7 contains a summary of results, conclusions and sonme
recoanendations for future research.
L
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3 CHAPTER 2

:;_ MODELING AND ANALYSIS OF THE SUBMARINE

2.1 Introduction

n The deaign of any control ayateam begina with a mathematical
representation of the real world nonlinear system which we want to control.

& The model used for this thesis was the analytic version of the SUBMODEL

- submarine simulation computer programs resident on the computer systems at

the Charles Stark Draper Laboratory (CSDL).

The chapter begins with a brief deacription of the nonlinear model and

SRR

R

relevant computer programs. This is followed by a description of the 15

]
(]

knot linear model using differential deflection of the sternplanes to

A

provide the necessary degree of freedom to actively control the roll angle

- of the submarine.

YR

‘f; 2.2 Descriotion of the Nonlinear Submarine Model

5\- Motion of the aubmarine is described in six degrees of freedom, three
wl

;:l translational and three rotational. Three force equations (X, Y and 2)

::; define the translational motions of surge (axial), sway (lateral) and heave
.

S

P (normal). The rotational motions of roll, pitch and yaw are described by

three moment equations (K, M and N).

T T T

2ttty

The complex hydrodynamic forces and moments which act on a submerged

'l‘!"\\

>
e
altalila

N

.

subnarine are best defined in a right-hand orthogonal coordinate system

r
)|

fixed in the body. Figure 2.1 shows this coordinate system (and sign

12
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convention) with the origin at the center of gravity (CG). The eguations
of motion are more @asily derived in and control of the submarine requires
knowledge of the submarine’s motion (i.a. course, speed, depth and
orientation) with respect to an inertial or earth-fixed coordinate system.
The earth-fixked system is also a right-handed orthogonal system, but is
fixed at some geographic point on the surface of the water. The
orientation and motion of the subaarine in these twc reference frames are
reiated by Euler angles (9], each representing a rotation about a

body-fixed axis. By convention, the rotations are applied in the following

order.

1. W (rotation about the z-axis)
2. B8 (rotation about the y-axia)

3. @ (rotation about the x-axis)

From the discussion above, it is evident that we are talking about
nine state variables, aix representing the translational and rotational
velocities in the body-fixed reference frame and three representing the
orientation of the body-fixed axes with respect to earth reference. The
submarine’s depth represents a tenth state variable. Control of the
submarine is accomplished by deflecting the rudder, stern pianes, fairwater
planes and/or changing propeller apeed.

The SUBMODEL simulation facilities at CSDL are based on the 2510
Equations” [10)], updated with the cross-flow terms of the “Revised
Equations™ [11]. Several additional features have been added to provide a
constant RPS constraint on the propeller and a differential deflection
option for the sternplanes. The constant RPS constraint reflects the

current operating policy used on submarines. The use of differential

14
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;jy sternplane deflection provides an avenue for active roll control that is f
.Y

"‘; P
ﬁ; not otherwise possible. Table 2.1 contains & summary of state and control ]
h = .
P variablesa.

State Variables ]
i': u = X1, axial velocity (along x axis) - ft/sec i
‘:' v = X2, lateral velocity (along y axis) - ft/sec

5
1]

X3, heave velocity (along 2z axis) - ft/sec

X4, roll rate (angular velocity about x axis) - rad/sec

+ g
[
1
££a o
" 1]
e I 2 A 0K

Xs, pitch rate (angular velocity about y axis) - rad/sec

r = Xg, yaw rate (angular velocity about 2z axis) - rad/sec

- # = X7, roll (rotation about x axis) - radians

- 6 = Xg, pitch (rotation about y axias) - radians

g V = X9, yaw (rotation about z axis) - radians

' z = X10, depth - feet

15 Control Variables
,if db = uj, fairwater plane deflection - radians

:) dr = u, rudder deflection - radians

‘s

Ly
?}3 ds] = uj, port stern plane deflection - radians

!

< ds? = uq, starboard stern plane deflection - radians
d

:g Table 2.1 State and Control Variables

0
":_'

‘hv

. It should be noted that these equations of motion do not account for
s

»g actuator dynamics. This will be addressed further in the discussion of
Y

-1: performance requirements in Section 3.5. Intuitively., one would expect the

dynamics of the submarine to be independent of the depth (2) and the

e




Uil Shalk Radimte 3. il ~Had il Bl AT el Al B LA, el Stk SRl N R e

heading angle (). This will prove true as we will see in the next
section.

The SUBMODEL prograa provides the following anaiytic capabilities:

1. Integration of the nonlinear equations of motion
2. Determination of a local equilibrium point in
the nonlinear equations
3. Calculation of the linearized dynamics about
the equilibriua point

4, Integration of the linearized equations of motion

During integration of the equations of motion, the control surface
deflections may be set to initial values, varied as a function of time or
calculated using full state feedback or the dynamic compensation derived
using the LQG/LTR method. The analytical resuilts of the integration may be
output graphically, in tabular form or both. A full description of the

submarine model may be found in [12] through (1S].

2.3 Description of the Linear Submarine Model

The compensator design procedure is based on a Linear Time Invariant

(LTI) model of the nonlinear system. The nonlinear equations described in

gf_ Section 2.2 can be generally put in the fora

X(t) = £Ix(t),ult)]
p(t) = glx(t)]

where

- x(t) is the state vector

b - u(t) is the control input vector

........
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y(t) is the output vec:tor

These equations can then be linearized about some noainal point
(Xp,Up) by using a Taylor Series expansion. Neglecting the higher order
terms of the expansion, the linear dynamics may be expressed in the state

space fora

X(t) = A x(£) + B u(t) 2.3
y(t) = C x(t) (2.4)
where
A= /40 |%0.u0
B = (3f/qy) |20,80
¢ = @Ad/gp) %o

The nominal point used here corresponds to a local equilibrium point.
This point is found by integrating the nonlinear equations of motion for a
specific set of initial conditions., At their steady-state value, each
state variable is then perturbed so that its local minimum is found.

Since the linear dynamics change with different nominal points, the
question arises as to what is the "correct” nominal or operating point
about which to linearize. Selection of a "benign® nominal point such as
that by Milliken (3] is probably satisfactory for an "autopilot” type of
controller. This controller however, will be used for maneuvering as well
as coursa and depth keeping. For this reason, a nominal point which
“captures” the maneuvering dynamics of the submarine is required. To
achieve this, the submarine must be oriented such that it aexperiences
crossilow over the hull much like it would encounter while siaultaneousiy

turning and diving.
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The noainal point used in this thesis was determined using an initial
forward velocity (surge) of 135 knots with a rudder deflection of 1 degree.
This model is named S1SR1 to reflect the speed and rudder deflection. This
nominal point was selected so the linear model would have dynamics sinilar
o to that used by Martin (8] and provide a basis for comparison. The nominal
point provides sufficient cross-coupling between the horizontal and
vertical planes of aotion to capture the desired maneuvering
characteristics but is not too "radical”™. As a result, acceptabie
performance was obtained for straight and levei as well as maneuvering
trajectorieas. Figure 2.2 shows the excellent agreement between the tiae
response of the linear and nonlinear models. 7The A and B matirices and
L d values of the nominal states may be found in Appendix Al. Inspection of
the last two rows of these matrices indicate that our intuition about the
effect of z and Y on the other states was correct. This will be of vaiue
when we conaider reducing the order of the ayatenm.

To deteraine the range of accuracy of the linear aodel, it csn be .
perturbed from its nominal point by a set of initial conditions, integratad
and then compared to the nonlinear system for the same set of initial

;;: conditions. Figure 2.3 shows the results of the initial condition

perturbation of 20X above the nominal point. The perturbations are

sumparized in Table 2.2.

@
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u = 5.08 ft/sec ?
v = 0,150 ft/sec !
w = 0.39SE-02 ft/sec

P = -.115E-04 rad/aec

q = 0.352E-04 rad/sec

r = -,125E-02 rad/sec

P = -.325 deg

8 = -.105 deg

Table 2.2 20X Perturbations Aoplied to SiSR1

2.4 Selection of the Output Varisbles

Several factora muat be conaidered in the aselection of the output
variables. First and foremost is the intent of the controller and the
inherent capabilitiea of the aystem to be controlled. For example, an
attempt to control roll angle without using differential sternplane
deflection cannot possibly succeed.

Next, a constraint of the methodology is that the dimension of the
output vector must equal the dimenaion of the control input vector (16i.
Since there are four control inputs (db, dr, dsl, ds2), there must be four
ayatem outputs.

Finally, the effect of each control input "felt" at the output amust be
considered. Two states may have influence on the results the designer is
trying to affect. The atate which requires the leaat contrcl surface
deflection to achieve the desired resulta is the better one to use since it
will require less energy, result in lower compensator gains and reduce the

chance of saturating the inputs.
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A submarine is presently maneuvered by deflecting zhe ccntrol surfaces
{j until & particular turning rate, depth rate or attitude is ach:eved.
Pl Xnowing the handling characteristics of the submarine, the operators
o maintain the rates until a predetermined point when the surfaces are

deflected to counteract the rates which have developed. 1If done correc:ly,

- the submarine will “meet” the desired course and/or depth with littlie or no

overshoot. For this reason, the yaw rate w and depth rate z will be used

as output variablea.

;_~ The attitude of the submarine in pitch and roll strongly affects its %
performance. As the pitch angle becomes excessive, it becomes increasingly

‘:' difficult to maintain depth or control depth rate because the fairwater

planes saturate. As roll angle increases, the forces generated by the

e

control surfaces act out of the plane they were meant to. To visualize
this problem imagine the submarine rolling 909. At this point, the rudder R

} will act as a sternplane and the sternplenes as rudders. Additionally, the g

force and moment generated by crossflow over the sail is quite significant
- and contributes to roll and pitch. These illustrations show the importance
of roll @ and pitch 6.

For this thesis then, the output vector y(t) is given by

. .
L R
PRI

The linearized equations for w and z are easily derived from the state

g(t) = ety ey Pty 2T 2.5 .

EE where g
;i Wet) = -uesin® + vecos@esind + wecos@rcosP (2.6) 2
. z(t) = (rscosf + g*sind)/cosd 2.7) "
‘ ]
k

[ .

space equation (2.3). The elements of the C matrix which represent | and 2

are siaply the last 2 rows of the A matr:x.

26
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2.5 Suamary

This chapter has briefly described the origin of the noniinear model
and the linearization process. The state space form of the linear model
and the reasoning behind selection of the output variables were aiso
presentad. Chapter 3 will cover model reduction, scaling, the

eigenatructure of the linear model and performance aspecifications.

27
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CHAPTER 3

LINEAR MODEL ANALYSIS

3.1 Introduction

This chapter begins with a reduction of the tenth-order model and
discussion of the scaling. Next, the eigenstructure and pole/zero
structure of the reduced model will be presented. Finally, systea
performance in the area of steady state error and crossover frequency will
be discussed. In the section on periormance, the concept of singular
values and their use will be introduced. The reader already familiar with
the concept and its application to MINO control system design may wish to
skip to the laast paragraph of that aection for a summary of the performance

apecifications applicable to thia design.

3.2 Reduction of the Model

A8 notad in Section 2.3, the depth and heading angle (yaw) have no

effact on the dynamic response of the other eight statas. This may be
verified by inspection of the last two columns of the A matrix in Appendix

Al. Had the assuaption of a deeply submerged submarine not been made, one

ar.

would expect depth and heading to have a significant effect on the states

due to near-surface suction forces and direction of the seaas.

2’a"a"ata" ki

Additionally, inspection of the last four rows of the B matrix reveals that

the control surfaces have no diraect effect on {J, 8, & or z.

[ VIS DOV N 3 S N 3. R
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Since this controller does not use Y or z as ocutputs and the other
N states are not functions of these variabies, they may be deleted from the
! rodel. This is accomplished by deieting the last two columns oi the 4

matrix and the last two rows of the A and B matrices. As we will see in

Chapter 4, this will also reduce the order of the compensator stata vector.

| Ve

b]

8

3.3 Scaling ]
3

The use of scaling has been employed to change the state and ceatrzol E
variables of the linear system into units which are more easily understood ]
and to provide weighting on the inputs and outputs of the system. Kappos ;
[2] and Boettcher (171 have addressed acaling and its effects. Obviousaly, g

the singular values of the syatem will be changed but the effect on system

robustness is not fully understood.

To provide the designer with a more easily understood system of units,

4

rotational or angular variables are expressed in units of degrees and

PRY

dagrees per second vice radians and radians per second. Transiational

variables remain in units of feet and feet per second.

"
y s
. l.v LA

The unscaled state space system as expressed in equations (2.3) and

LA S TP

(2.4) is scaled by defining new state, control and output vectors where

3

ey
.

-

P‘s
"
4

X

3
.‘, 2

u N

e
-
H
g

Y
]
)

z' = §y Y (3.1)

- The scaling matrices Sy, S; and Sy are diagonal matricea whose elements

« e 7 1 ¢°%
P ]

provide the desired transformation of units. Consequently, the system

matricea (scaled for units) beconme

L4
=T
-
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A’ = S¢ A Sy
8’ = Sy B §u'1
C’ = Sy C Sx~1 (3.2)

Details of the unit transformation scaling natrices and scaled systea
natricea may be found in Appendix A2.

Now that the aystem has been scaled for units, we must consider
scaling the outputs and inputs to reflect their relative importance. These
weights were selected to coincide with those for a compensator being
concurrently developed by Martin (8]. Weights were selected for the
outputs auch that yaw rate and depth rate were more iaportant than roll and

pitch and are given by

1
Input weights were selected by comparing the maximum deflection of each

control surface. Rate and deflection limits are listed in Table 3.1.

Control Rate Limit Deflection Limit
dp 7 deg/sec *+ 20 degrees
de 4 deg/sec ¢+ 30 degrees
;g dg1,dg2 7 deg/sec + 25 degrees
-
L: Table 3.1 Control Surface Rate and Deflection Limits

For this thesis, the control surface dynamics (deflection rates) will be

y
L
ﬁ:- treated as high frequency modeling error. Considering the deflection

limits above, the selected input scaling is given by
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0.8
0.8

g

Figure 3.1 shows the block diagram representation of the system aiter

applying the scaling for units and input/output weights.

S sd 1 8 s« I} s ¢ sy 5
'Sx A ._{s;‘

Figure 3.1 Block Diagram Representation After Scaling

The effect of scaling on the plant tranafer function matrix is given by

-1 (3.3)

Ehl

G’(s) = Sy Sy G(s) Sy-1

vhere G(s) is the plant transfer function satrix prior to any scaling. The
input and output scaling as well as the unit transformation is identical to
that used by Martin (8] so that a better comparison of the two compensators
may be made (presented in Chapter S). A summary of the plant

matrices after scaling can be found in Appendix A3.

3.4 Eigenatructure

To examine the modes 0of the stata space system defined by (2.3) and

(2.4), the linear transformation (3.4) is applied to the state vector where

x(t) = P 2(t) (3.4)
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the matrix P is the constant and nonsingular amatrix of eigenvectors Pij

through Ppnj as defined in (3.5). The new state space (3.5) representation

| n i

P = Filj.|?.2i.| 231'."-"- Pni
‘ | ] (3-5)

z(t) = P~1 A P z(t) + P~1 B u(t)
y(t) = C T 2(t) (3.6)

consists of n decoupled equations describing the mcdal response of the
system. The matrix P-1 A P is a diagonal matrix whose eienents are the
eigenvalues of the state space. Each eigenvector describes the aotion of
its associated submarine mode along the coordinate axes of the
8-dimensional A matrix. Since the dynamic response of the submarine is a
linear combination of these modal responses, useful information may be
obtained by analyzing the contribution of each state to a particular mode. :

Figure 3.2 shows the state breakdown of each noraalized eigenvector

[ERA

and its associated eigenvalue in bar chart form. The vertical acale of 0.0
to 1.0 has been selectad to reflect the percent contribution of each state

to the overall magnitude of the eigenvector. Due to the difference in

variables and units (translational and rotational), cross-coupling between

teras and the complex nature of the dynamics involved, a clear cut physical

explanation of all the acdes is not always possible. Several modes do
Ff; however exhibit clear physical meaning leading to the following
h

2 interpretation.

(1) Modes 1 and 2 are a coaplex conjugate pair representing

the oacillatory nature of pitch.
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(2) Mode 3 is heavily dependent on forward speed and is

therefore most likely related to drag.

(3) Modes S5 and 6 are a complex conjugate pair representing

the oacillatory nature of roll.

{4) The submarine is open loop stable since ail poles are

in the left half plane (LHP).

The eigenvalues, eigenvectors (modal matrix) and transmission zeros for the

linear model are presented in Appendix Bl.
System stabilizablility (unstable modes are controllable) and 5
detectapility (unstable modes are observable) can also be addressed by ;
siaple inspection of the T"! B and C T matrices in Appendix B2. The g
elements of these nmatrices represent the link between the original atate é
space system and the decoupled system and a zero element in one of these %
matrices would indicate a that the link is not present. The breakdown of 3
the controllability matrix in Figure 3.3 shows the relative impact of the S
control inputs on each mode. Similarly, the observability matrix i
?E representa the relative contribution of each aode to the ayatem output 3
:?i variables. When used in conjunction with the eigenvector breakdown, 3
3; additional physical inforaation can be gained about the system dynamics. 5
j; Inspection of Figure 3.3 reveals that Modes 1 and 2 which represent :
:; pitch of the subamarine are mostly affected by the fairwater planes and

’. sternplanes. The dominance of Mode 3 by rudder deflections explains the
reason for the large dependence of Mode 3 on forward velocity. All control
surface deflections cause a loss in forward speed due to added drag. The
rudder, being the largest control surface, has significant effect aven for

small deflections. Mode 4 which has no real dominant state is also most

'v.v-v*.".'v s v_I.I‘TI v I"‘
REAE
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affected by rudder deilection. Since roll angle is a major contributor to
this mode followed ciosely by forward speed, this probably represents the
apeed losa and roll angle induced by the croassflow over the sail of a
turning submarine. Modes S and 6 which represent the roll characteristics
of the submarine are dominated by the sternplanes with a smaller
contribution from the rudder. Obviously, the differential deflection of
the sternplanes will affect roll. The effect of the rudder on roll has
airesady been mentioned. Mode 7 which is dominated by pitch with lesser
contributions from pitch-related states is mostly controlled by the
fairwater planes. No clear interpretation of the rudder deflections which
control Mode 8 is possible.

To provide an indication of the coupling between control inputs and
output variables, a singular value decomposition of the plant transfer
function G(3) is presented. Details of the theory behind singular value
decomposition may be found in Athans ([16] and Lehtomaki ([18). The plant

transfer function matrix is given by

Gs) = C (sL - &)"1 B =UE VA

where

=

is the matrix of left singular vectors
E ia a diagonal matrix of the singular values

VH is the matrix of right singular vectors

and at s = O by
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Therefore, since

y(t) = G(O) u(t) = U E VH u(t)

we can define

y'(t) = E u’ ()
where

g () = u-l yetd

u’ () = Vi u)

Since E is a diagonal matrix, a direct comparison of the left and right
singular vectors for each singular value will yield the deasired information
about input/output coupling. The left and right aingular vectors for each
singular value are presented in Figure 3.4. For 011, we see that
deflection of the sternplanes results in the coupled response in pitch
angle and depthrate. Intuitively, one would think that sternplanes would
affect pitch more that depthrate. One explanation is that these variables
are strongly coupled but have different units. As {a obvious froa 027,
deflection of the rudder affects primarily 2z but does exhibit some effect
on roll angle. This is a reflection of the effect of rudder movement and
should not be interpreted as a feasible way to control roll angle. The
effect of differential deflection of the sternplanes is exhibited by oma3.
As shown by 044, deflection of the fairwater planes affects primarily pitch
and depthrate to a somewhat lesser extent. Again, the difference in
variables and coupling between pitch and depthrate ia the probable reason

£or this behavior.
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3.5 Performance Specifications

The perforaance requirenments used in thig thesis represent the
choices of the designer and nmay not necessarily meet any established
criteria set by legal authority. The specifications here will deal with
steady-state error, disturbance rejection and stability robuatness. First,
the concept of aingular vaiues will be briefly discussed.

A logical extension of the Bode plot can be made froa the SISO case to
the MIMO ayatem by conaideration of the aingular valuea of the system. The

singular values of a complex matrix M are defined by

o) = /Ai cy_ﬂm' (3.4)

where
oj is the ith gingular value of M
¥H is the complex conjugate transpose of N

A ia the ith eigenvalue of [MHM)

Referring to (3.4), a matrix M is considered “large” when its minimun
singular value is large and "small” when its maximua singular value is
small. Using these definitions, we can now address coammand following,
disturbance rejection, reduction in senaitivity to modeling aerrors and
reaponae to sensor noise.

Our ultinatae goal is to design & robust, dynaaic coapensator, X(s) to
control the Linear Time Invariant (LTI) plant, Gp(s). Figure 3.5 shows the
feedback loop atructure with unity negative feedback, comaand input r(a),
plant input u(a), aystem output y(a), output disturbance vector d(s) and

neasurement noise n(s). From Figure 3.5, the following frequency domain

b1
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Figure 3.5 Feedback Loop Structure

relation can be easily derived

y(s) (I + G(a)K(a)1-1G(a)K(a) p(a)

+

(I « G(s)K(8)1-1 d(s)

+

(I +» G(a)K(8)3-1 n(a) (3.95)

Frca (3.5), we see that to have "good" command following and
disturbance rejection, the Loop Transfer Matrix G(s)K(s) and therefore
OainlG(s)K(a)} must be "large” in the frequency range of the reference
commands. To reduce the aenaitivity to modeling errors, dpax(G(s)K(s))

must be "small" in the frequency range of the modeling errors. Similarly,

for “gocd” noise rejection, Owax{G{(s)K(s)] must be “small" in the frequency

range of the noise. Figure 3.6 shows the Bode-like plot interpretation of

Loy otjw)

Tmaxl G v KwH

jgr Sl

s ow FREQUENCY

; PERPORMANCE 1

SAARIEN logomi

Lesiellsls 777777777,
UNMOOELED i
SYNAMICS/SENSOR *
NOISE .
LLLLLL2L7.

G 1 K

Figure 3.6 Sin ar Vaiue Reguirements for G(a)X(s)
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these singular value requirements. More detail on this subject may be E
v found in Athana [16]. ;:
With respect to command following, it is desired to have zero steady
state error to step inputs. This coincides with the singuiar value
requiresent diacuased above. As such, integrators were placed in all four b

input channels. Figure 3.7 shows the new plant configuration where the -

lu o) X W= X :
—alG, 2 Y RV ? Jfc, L N
g utt) + lypto ]
o I A ®
- =p
P I
5 |
- gp(s) :h
z Figure 3.7 Plant With Inteqrators in Input Channels ¥
< :-
state space representation of the augnentation is defined by }l
o Gats) = (Irg) (3.6) -
- and the resultant plant transfer function aatrix is ~
P l
. "
N G(a) = Gp(s)Ga(s) (3.7) -9
’ .
f' The augmented plant ia now a 12-dimensional system, however the 4 X
. integrator states are included as part of the plant only during the LQIG/LTR é'
‘f‘ compensator design. During implementation, the intagrators become part of N
? the compensator. The singular values of the original plant Gp(s) and the =
f augmented plant G(s) are shown in Figures 3.8 and 3.9 reapectively. Note E;
i that augmenting the plant haa increased the aingular values at .001 5
1. radians/second by approximately 60 db. The matrices of the augmented plant ;?
» ray be found in Appendix A3. fk
-\‘ -
N 43 %
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The next area which needs to be addressed is crossover frequency. As
crossover f{reguency is increased. the system responds faster and cne would
expect better perforaance. At slower speeds however, the control surfaces
have less effect for a given deflection since the forces and moments
generated are proportional to speed squared. Since this compensator will
be compared to the one being concurrently developed by Martin (8], a
corparable crossover frequency is desired. To avoid frequent control
surface saturation and in some cases limit cycling due to the decrease in
effectiveneas, a comproaise aust be reached. Additionally, actuator
dynamics which exist at approximately 2 to 3 radians/second (5] (6], have
not been included in this model and must be treated as modeling error. For
this thesis, a crossover fregquency of 0.l radian per second was found to be
suitable,

Finally, a brief discussion of robustness is in order. According to
Lehtoaaki (18], the error E(a) between the real systenlz(s) and the linear
rodel G(s) can provide a measure of atability robuatnesa. These errora are
characterized as additive, subtractive, multiplicative or division in
nature. In particular, the aultiplicative and additive errors can be used

to provide a measure of the relative and absolute errors, respectively. A

block diagraa representation of multiplicative error as defined by (3.8) is

shown in Figure 3.10. Additive error is defined by (3.9). Using these

Els) |
+
L) v\ + yis)
> Ki(s) et Gls) - -
< ./
Figure 3.10 MIX d k Loop With Multiplicative Error

45

P U S A S UL LI S SRS SRt e - —— R A AP AP S Y




Ciutr 3 ie™ B S e~ st Ul “ diin. ")

~
G(s)

(I + E(8)] G(s) = L(s)G(s)

E(s) = (G(s) - G(a)]1 G(a)-1 (3.8)
G(a) = E(s) + G(a)

(o
E(s) = G(a8) - G(a) (3.9

reiationships, it can be shown that if the singular value inequalities

(3.10) and (3.11) hold, we are guaranteed a closed loop stable sysatenm.

Omax{L(8) = I} < Ouinll * (G(s)K(s)]1-1) (3.100

Omax (L 1(8) -I} < opinll + G(s)K(s)} (3.11)

The modeling errors may be difficult to quantify but looking at it froa
another aapect, if we calculate the right hand aide of the inequalities,
then the maximum tolerable error is known. These relationships provide
congervative atability bounds so that a cloaed loop syatem amay atill be
stable if the bounds are crossed. System stability would then have to be
deterained through extensive testing and evaluation. Additional
infcrnation on stability robustness may be found in (191 through (22].

Perforaance apecificationa may therefore be quickly auamarized aa

(1) The singular vaiua requirements in Figure 3.6 aust
be net

(2) Integrators in all input channels will insure zero
steady-state error to step inputs

(3) Maximum crossover frequency is 0.1 radian/second

L6
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3.6 Sunnary

In Chapter 3, the order of the linear model haa been reduced by 2
states and scaled for units and input/output weightings. The poles/zero
atructure and eigenvectora have been presented. In the aection on modal
analysis, the relative contribution of the states to each mode was
considered and the issues of stabilizability and detectability were
addressed. The coupiing between inputs and outputs was also presented.
Finally, the performance specifications in teras of singular value
requirements and crossover frequency were detailed. In Chapter 4, the

LQG/LTR methodology and a suamary of the compenaator deaign are presented.
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CHAPTER ¢

LINEAR COMPENSATCR DESIGN

4.1 Introcuction

This chapter covers the design of linear compensator for the S15R1
mocdel discussed in Chapters 2 and 3. It begins with a general discussion
of the Model Based Compensator (MBC) concept and the Linear Quadratic
Gaussian with Loop Transfer Recovery (LQG/LTR) methodology tailored for
performance and robustness at the plant output. This is foilowed by a
suamary of the linear compensator deaign for the S1SR1 model. Finally, the
rasult; of several simulations with the compensator integrated in the
nonlinear analytic model at CSDL are presented. The compenaator is further
analyzed and critiqued in Chapter S5 where it is compared to the S30R1

compensator designed by Martin (8].

4.2 The LQG/LTR Design Methodoloagy

Figure 4.1 again shows the feedback loop structure with unity negative
feedback. Note that the original plant Go(s) has been replaced with the
augmented plant G(s) as defined by (3.7). The compensator K(s) must
provide closed loop performance commensurate with the criteria noted in
Chapter 3. This will be accomplished through the design of a Model Based
Compensator (MBC) (16] using the Linear Quadratic Gaussian with Loop

Transfer Recovery (LQG/LTR) methodology (23] through (23].
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Figqure 4.1 Feedback Loop Structure with G(s)

The LIG/LTR methodology guarantees the designer a MIMO compensator
K(s) that (s closed loop stable while providing the necesaary degrees of
freedom for "loop shaping” (shaping of the singular values of G(s)K(s)) to
achieve desired performance while maintaining stability robustness. Figure
4.2 shows the structure of the feedback loop using the MBC. The state
vector of the MBC is 2(L)ERM (i.e. the same dimension as x(t), the plant
state vector), hence we ultimately wind up with an open loop system
G(3)K(s) which is 2n-dimensional. The reduction of the model described in
Section 3.2 has therefore reduced the resultant closed loop system by a
total of 4 atateas.

The MBC derives its name froam the fact that the A, B and C matrices
defined in the state-space representation of the plant appear in

the dynamics of the compensator. The open-lcop plant dynamics are

_ X(t) = A x(t) + B u(t) 4. 1)

R y(t) = C x(t) (4.2)

b5

= i
= 1
® where x(L)ERN, u(t)ERM and y(t)ERR, Note that u(t) and y(t) are the same ‘
& .
= dimension as constrained by the methodology. The frequency domain :
r_._‘ \
b representation for the plant transfer function G(s) is given by i
b .-, !
".-
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G(s) = C (s - A>-1 8 (4.3)
Dynamics of the MBC in the time domain are

2(t) = (A -BG - HCl z(t) - H e(t) (4.4)

u(t) = -G z(t) (4.5)
and the compensator transfer function K(s) is

K(s) =G (sl -A+BG+HO *H (4.6)

where the Filter Gain Matrix H and Control Gain Matrix G are design
parameters for the coapensator.
As derived in (161, by defining a state estimation vector (4.7), the

dynamics of the closed loop system can be represented by (4.8),.

wit) = x(&) - z(b) a.7
x(t) (A -BG -Bgl[lxwt ]

= . () (4.8)
wit) 0 (A-H2D||lw -H

By examining the closed loop A matrix above, it ias evident that the roots
of (4.9) yield the 2n eigenvalues of the closed loop system and for closed

loop stability, (4.10) and (4.11) =2ust hold.

det({sl - A + BG] - det{sl - A+ HCl =0 (4.9)
Re(A (A - BGI} €0 ; i=1,2,...,n (4.10)
Ra(liCQ_ - E g]’ < 0 : i=1'2p.-u,n (4-11)

It now becomes clear that the compensator design decomposes into
finding G and H such that (4.10) and (4.11) hold. The Linear Quadratic

Gaussian (LAG) methodology provides the necessary tools to make
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“intelligent” choices for the compensaticr gain matrices tihus the L&S
control.er is a apecial type of Model Based Compensator. A review of
equations (4.4) and (4.5) reveal the LSG controller to be a cascaced
combination of a Kaiman-Bucy Filter and a full-state feedback L:.near
Quadratic Regulator.

Selection of the Filter Gain Matr:x H is made through the soiution of
a Kalman-Bucy Filter (KBF) probiem basec on equation (4.4). The 7ilter

Gain Matrix is defined by
H = (l/p) E cT (4.12)

where E = ET > 0 is the unique solution of the Filter Algebraic Riccati

Equation (FARE)

0=AE+EAT+LLT - a/w ECTCE (4.13)

subject to the constraints

[ ] detectable

'y

=

|

,L1 stabilizable

= nd>0

The Control Gain Matrix G is defined by (4.14) as deterained through
the solution of the "cheap™ LUR (Linear Quadratic Requlator) control

probienm

u(t) = -G z(t) = -g~1 gT K (4.14)

where K = KT > O is the unique asolution of the Control Algedraic Riccat:

Equation (CARE)

0=-KA-ATK-gqcTce+x38R1BTK (4.1%)
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subject to the constraints

= [A,BI stabilizabie

= (A,C! detectable

The compensator gains could now be ceterm:ined :f the design parameters
g, u and L were known. To determine the "correci” values for these design
parameters, we now turn our attention to Loop Transfer Recovery (LTR).

Refering to Figure 4.2, performance and stability robustness can be
neasured at the plant input or plant output by breaking the loop at the
corresponding point. For the design of the submarine controller, physical
significance at the plant output has been retained (poiwt()on Figure 4.2)
and therefore the latter approach will be used. The reader is referred to
{23] and [24] for an explanation of the methodology with respect to
perfornance and robustness at the plant input.

The design of the controller can now be performed in the foiliowing

fasnion.

(1) Design a Kalman Filter with appropriate singular values
using the KBF equations (4.12) and (4.13)
(2) Recover the singular value shapes using the LIR equations

(4.14) and (4.13)

The following definitiona of the filter open loop and Kalman Filter

transier functions are useful in the development of the design procedure

Gfolfs) = C (sl - Ad-l L (4.16)

Grf(s) =2 C (s - -1 (4.17)
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Note that (4..17) represents the loop transrfer function when the _&6
loop in Figure 4.2 is broken at point @ . The relationsh:p between these
transfer functions is given by the following Return Difference Identity

{4.18) also xnown as the Kalman Frequeancy Domain Eguality (FDPE) for the

filter.

[I+Gre(8)I{I+GRe(a)IH = T + (1/p)Geo)(8)GHeg) () (4.18)

By looking at the singular valuea of both sides of the FDE (4.19), the

approximation (4.20) holds for o (Gkf(s)} >> 1, i.e. at low frequency.

oLl + Grea)) = /1 + (1/))032(Gs01 (80} (4.19)

oi (Gre(s) ) qul//;)gfol(s)) (4.20)

This means the singular values of the KBF can be "shaped"” to meet the

desired performance, crossover and robustness requirements by selecting

1. L for the desired loop shape

2. p for the desired crossover frequency

Using the value of p and the amatrix L from above, H is caiculated

using the KBF equationa and the following properties are guaranteed.

Closed-loop stability (for the filter)

-6db < Gain Margia < oo

-609 < Phase Margin < 600

Now that the Filter Gain Matrixz has been deterained, the zeros of the
plant tranfer function G(s) are checked. If the plant is minimua phase, we
are guaranteed racovery of the “nice” shape and properties of the Kalman

Filter using the Kwakernaak "sensitivity recovery” (26] via the L4R

sk

~



egquaz.ons. At this time, the effects of non-minimua phase (NMP) zeros are

not clearly understood, but suffice it to say that some degracat:cn in the
recovery process and resulting cicsed loop periformance is certain if one or
nore NMP zeros are within the bandwidth of the controiler. If the plant is
non-aininum phase, all that can presently be done is to proceec and use
extensive testing and evaluation to detect instabilities or other problems.
The L@R equations are now solved (as gq—po00) to deteraine the Control
Gain Matrix G. Using the G and H matrices, the LQG compensator natrix K(s)
is deterained using (4.6). The singular values of G(s)K(s) are then
compared to the singular values of Gkf(s). If the oj{G(s)K(s)) are
sufficiently different from o (Gksf(s)}, g must be increased and the LGR
equations solved for a new Control Gain Matrix. Recovery of the Kalman
Filter loop shape is considered satisfactory when there is good agreement
for at least 1 decade past crossover. At that point, the rolloff of the
singular values is at least -40 db/decade (two pole rolloff). The Locp
Transfer Matrix G(s)K(s) is then checked for robustness as discussed in

Section 3.5.

4.3 Design of the LQG/LTR Compensator for the S1SR1 Model

As discussed in the previous section, the deaign of the compensator is

performed as follows.

(1) Design a Kalman Filter loop with appropriate singular
value shapes
(2) Attempt to recover these singular value shapes using

the Kwaakernaak recovery method
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The reader is once again reminded that during the LOG/LTR design process,

the plant nmatrices which are used are that for the augmented scaiec pianz
G(s). Any augmentation is separated from the plant model and inciuded in
the compensator prior to implementation for testing.

Design of the Kalman Filter loop hinges on selection of the parameter
M (magnitude of the measurement noise intensity) and the matrix L so that
the singular values of Gfo}(s) as defined by (4.16), have a "nice" shape
like that shown in Figure 3.5 and meet the performance specifications set
in Section 3.5. To enhance chances of a good recovery of these shapes in
the LGR loop, it is desired to have the minimum and maximum singular vaiues
natch. This is accomplished by selecting L such that the singular values
match at high and low frequencies.

The augmented plant tranafer function G(a) = Gg(a)Gp(a) is defined by
G(s) = C (sl - A)-18 (4.2

where o o

and therefore

sl e

[s-2] -

Looking at (4.22) at low frequency, (sl - Ap) —e -Ap and a good

-Bp (sI - Ap) (4.22)

approximation for (sl - A)-1 is

(lre)1 Q
(s] - -1 =
-(l7g)ap-18p -Ap-1 (4.23)

provided Ap-! exists. Therefore by (4.16), Gfol(s) is approximately




(2/9)L Q L1
o1 & [0 o]

-(1/g)8p-1B0  -Ap-1 || L2

= -(l/4)CpAp~1BpL; - CpAp-lL2 (4.24)

Note that the matrix L has been partitioned into Lj and L2 assoc:iated with
the low frequency and high freguency behavior respectively. From (4.24),

low frequency aatching of singular values occurs if

L: = -ICpAp-1Bpi1-1 (4.25)

Similarly, at high frequency, (sl - Ap) —» 3] and

(rsgdL Q
(sl - 01 ~
Q7g2)Bp (17401 (4.26)
(7)1 o Ly
Geolts) ® [0 cp
-(l7¢2)Bp (/)1 L2
= (17/42)CpBpLy + (1/4)CpL2 (4.27)

As s — 00, the second tera in (4.27) doninates and the singular values are

natched if

Lz = cplcpcpT-1 (4.28)

Omne auk e Gel e e 4
RN
o'

The L matrix (listed in Appendix B3) has now been selected for low and high

}J

(i
SRt ey

frequency matching, however the behavior of the singular values at aiddle

s 8, 2 W R,
¢

frequencies has not been considered. Unacceptable dif{ferences at these
frequencies are dealt with by appropriate scaling of the plant inputs and

outputs such asg that described in Section 3.3.

Once an appropriate | matrix has been deterained, the singular values
are shifted up or down by varying the scalar parameter u until the desired

crossover frequency is obtained. The value of u = 132 produced the desired
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maximua crossover frequency of 0.. radians/second. ¥Figure 4.3a shows the
plot of 61((1/(;)§f°1(s)} for these parameters.

Now, using the p and L such thst meet the desired specifications, the
FARE is solved and the Filter Gain Matrix H determined from (4.12)., Next,
the singular values of the Xalman Filter &j(Gkf(s)] are calculated as shown

in Figure 4.3b and compared to the perforaance specifications. Thia ias the

*“loop shape” of G(s)K(s) which resulits from the Kwaakernaak recovery.

The next step in the LGG/LTR process is solution of the CARE (the MINMO
transaission zeros have already been checked in Section 3.4) and
calculation of the Control Gain Matrix using (4.14). Using the H and G
matrices, the compensator K(s) is calculated using (4.6) and the singular
values of the Loop Tranafer Matrix G(a)K(a) are compared to the singular
values of the Kalman Filter loop. As stated in Section 4.2, satisfactory
recovery ia said to occur when aj(G(a)K(a)] match &} (Gkf(s)) for at least
one decade past crossover. Figure 4.3c ashowa the recovered singular value
loop shape for q = 10S. The crossover bandwidth for this design was from
approxinately 0.05 to 0.1 radians/second. The G and H matrices are listed
in Appendix B3.

As stated in Section 3.5, the integrators are actually part of the
final compensator matrix Ka(s). The final compensator must also include
the effects of scaling on the inputs and outputs.

Figure 4.4 ghows the

block diagram representation of the resultant closed lcop systea. The

Figure 4.4 B8lock Diagram Repreaentazion of Closed Loop System
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singular values Zor the LQG compensator K(s) and the augmented and scaled
compensator Xa(s) are shown in Figures 4.5a and 4.5b respectively. Froa
these singular value plots, the lead-lag characteristics, particularliy the
effects of the integrators at low frequency, are evident. The spread in
singular vaiues at frequencies below crossover reflects the different
amplification requirements for certain directions so that the singular
values of the recovered Loop Transfer Matrix G(s)K(s) match.

The singular values of the closed loop plant as defined by (4.8) are
shown in Figure 4.6. They reflect the desired chararacteristic of 0 db
gain until crosasover or break frequency and at least 2 pole rolloff
(-40 db/decade) after crossover. The poles and zeros of the open loop and
closed loop ayateama are found in Appendix B4.

By examining the transfer function matrix for the loop broken at the
plant input, information can be obtained on how the control inputs vary

with respect to reference commands. The transfer function ralating r(s) %o

u(s) is given by

us) = (I + K(5)G(s))~1 K(a) r(s) = Krl(sdr(s) (4.29)

Figure 4.7 shows the singular values for the frequency range of interesat.
The spread in singular values indicates that certain directiona have higher
gaina than others. The singular value decoaposition of (4.29) shown in
Figure 4.8 allows ua to exaaine the coupling of reference commands to
control inputs. The singular value decomposition was accomplished in the
nanner discussed in Section 3.4 on plant eigenstructure. Froa Figure 4.8,
we see that for o131, the controller responds to a depthrate command with

deflection of the fairwater planes which makes physical sense. For 022, it

is evident that if a yawrate command causes deflection of the rudder and
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the sternplanes. The rudder obviously deflects to induc2 the yawrate.
Movenment of the steranplanes can be attributed to differential deflection to
counter the initial roll angle caused by the rudder deflection and the
steady state roll angle induced by crossflow over the sail. Furthernore,
the 033 infornation indicates that roll commands will cause the rudder and
sternplanes to respond. Differentiai sternplane deflection is obviously
the only feasibie way to control roll ao the queation ariaea as to why the
rudder deflects so much. This is most likely due toc the coupling between
the rudder and sternplanes. Finally, 044 shows that a pitch coamand
results in deflection of the asternplanes. In this case we would expect
deflection in the same general direction with possible alight differences

due to induced roll angles.

4.4 Preliminary Testing of the Compensator

As a preiude to further analysis, preliminary testing of the '
compensator was persoraed to gain some insight on possible limitations of .
the design. Siaulationa were performed for aingle command inputs and

rultiple command inputs using step and square coamands.

Firat, a series of sinulations were made to examine the effects of

aymmetry on the responae of the submarine. Figure 4.9 showa the reaulta of
the 15 knot nonlinear simuiations for :! degree/second yawrate step inputs

applied at t = 5 seconds and removed at t = 75 seconds. As the subaarine

L o ow o e e E——

enters intc the turn, it initially rolla slightly outward and then due to
the large force generated by crosaflow over the sail, anap rolls inward.
To counter this effect, the sternplanes deflect differentially to generate

a righting aoment which drivea the roll angle to zero. To counter the

- v e

L
i

effect of the initial rudder deflaction on pitch and depthrate, there is
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slight movement of the fairwater pianes. The slight differences which do

exist are most likely due to propeller torque with a smaller contribution

probably due to the -1 degrees/second command (turn to port) being in the
direction of the nominal point whereas the +l1 degree/second (turn to
starboard) is in the opposite direction.

Another maneuver which demonstrates motion about a plane of symmetry
is displayed in Figure 4.10. At t = S seconds, a +5 roll angle step input
is applied. The sternpianes deflect differentially to a steady-state valu
of approximately +7.5 degrees to achieve the desired roll angle. The
rudder and fairwater planes deflect only slightly in reaction to the
initial transients and then go to zero.

Various other maneuvers were simulated for depthrate with and without
pitch to ensure control surface deflections for aotion in the vertical
plane were practical. The results of the simulation for a 1 foot/second
depthrate are presented in Figure 4.11. The singular value decomposition
in Figure 4.8 predicts that the fairwater planea should deflect in response

to this reference command. This does indeed occur as ahown in Figure 4¢.11

and is accompanied by a smail deflection of the sternplanes which produce a
aoment to counter the slight trimaing moment induced by the fairwater
planes.

Figure 4.12 shows the resulta of the simulation for a 4.5 feet/second

at -10 degree pitch. The initial decrease is attributed to the additional

Ly
MRS

. PERE '

. N PRI |
. t .'.‘.‘ .

) drag generated by moveament of the control surfacea. As the control surface i
; aovements decrease, forward speed is regained. The small transient !
?3- disturbances in the states are a result of of control surface deflection g
Ei‘ and to & lesser degree, mild cross-coupling. Referring again to the

L J ainguiar value decompoaition in Figure 4.8 (011 and d44), one would predict

.o
2

Ty

Ak
s

71

L a &3 b S BT "

"
K




Clhiae A fan =y - LA 3 Tl W TR g T T W R T N R N T S M W N e W R R R e s vy YT YUY TV T YT

S (=3 1=
-] -] =]
N ~ ~
Q
i ig | 8 1 s
[O o e
{ +@ i 1@ + .‘Lw
- - 2
° [ )
- - - - L 3 -
= = -
) o
4 R L i8 4 {18
- - -

w w
z =
- [
+ +8 13 4 1+8
- --g ..8 - *N-]
[7p]
« J
— 3 +-9 - - +0
> t 4 >
-
(5]
o <+ -Lg .\.s .L 4 .Lg
™ )
wl
> '
s€'s2 02°s2 s0°s? os°0 00°0 0€°0-" ON°‘0 00°0 on-0-"
(S/7L31 n 1-0In (S/4d) A =010 (S/LH) M
o [~ (-]
-1 S o
~N N ~
It s | 8 | ig
l lg | g | is 5
=
] (=3 -] o
ES - + qbz - qp: )
i o
<«
[
l lg | 2 | lg 8 |
“uwd ~w “w a '
= = E o |
- - - oy j
<+ --s -+~ g - Y- .
|
T Ts r 2 T Ts J
m 1
u 1
—— + +0 - =] - E Y- .
k4 » -
o i
Q
o r. +8 r +9 + ’ .rg
™ {
d
>

s6's2 o02's2 $0°s¥ 06’0 00'0 060> o0n-g o000 oOn'O-"
(/714 N 1=00%  (S/L4) A 101w (§/14) M

72




Y . - TRV e K™ o™ = e G s~ o) - - Ll - T L) o - - - e - - - - 4 - - - - - - -
° o o
8 & g
1 4.2 - <-§ T -bg
. g | 8 | I8
! lg 1 lg | i2
I E! g 1 ig
v £ £ ¢
(3N} o - -
: l. 13 J +2 + +2
Q
< i R = 7T 18
w
> ] le 1 le | o
«
[ond
-
= | e | (| M.g
(&}
=
< ) o
08°90 00°0 08°C-=" 02°0 00°0 02°0-" 0€°0 00°0 0¢'0-"
2-0lx (S/QuY) 4 ¢-0f* (S/QWY) O -0ln (S/0UY) W
o ] e
] £ 3
L
L g | g | I
@ o e
4 +@ 4 +o 4 +@
a
) e o
+ - + -z T - n ‘
Q |
o ) ) -
4 +N 4+ +5 + i8 N :
' 1
i
[ |
{ is | - 8 s ;
o ¢ ¢ &
wJ - - - [ 79
—
— + -s - 4-2 - ..2
Q
s} + Lo + do 4 lo
_J < -
wJ
= 4 +o J. +e 4 {lo
C »r >
(==
.
S L ie + 8 4 +2
@ ) o o
o8- 00°'0 09°0- 00°0 02° on-Q 00°0 OMN°O~

9 020 0-
=0l* (S/0ud) 4 ¢-0fl» (S/QEY) O .0l (S/06W) ¥

73




Ca Al G wa v g aub ol SV S st BEai sy ey MO At ettt AR R A M M Er i~ ol i SR e = oinge ollava L bba s ibgn il Jien dheue st Jhut Jhass St Sk fhats e 4 M Y .""f'\“r:'.'f
o [} (-] -]
-8 b4 S &
1 18 8 ! 18 1 12
It g | g | g | is
Q [~} Q - (-]
T +3 - += T +z + +z
L
! g | g | g | i3
T £ £ £ S
Q.
o + ig + -2 4 {3 4 12
o
=) t tg 1 e 1 1 18
c
g -+ .bg - og - <-g - -.g
D
= i +2 4 +0 4 4o 4 1o
— ~N N ~N N
o
—
< o ° ) —
0 8-° 080 p0°0 -9~ 1 0 19 215 nos [y
(93Q) IHd (930) Hl3HL 930 1S4 (14 2
(-] (-1 (-] -
R S + H + s
l g 1 g | i3
! 12 1 s | 13 9
- - - -
=
o e Iy n
-~ q-z - ..z - --:
o
-
i & | 18 | 18 <«
[ ]
. . &
- 4--'“ -+~ - e Eu 3
=g z z 4
E - -
.."4. w + -ps - - ..:
e Q
,.-' g L +2 4 .Lg + 4 E
RS <
~‘:. g L .Lg + te ¢ 4 12
- =
AR [
S = l le | le | | le
- —
[
S , | R
0 g~ 3= ‘ 00°0 0§8°0-- 00°t 0§°0 00‘f hos 36N T
(930) [H4 (930) Yi3ML 930 1Sd Ls) 2
7%
L L e T e S e s L L e b
4)'..; " b.'..‘\._'}.p I LI -"_p:'_.r\.‘).h.'_..',,}l‘ti";‘!g."i;. N N NI Y I I L RPN LS IP Bari PPU J DIPULTUAN VL PP L i




S L BN S

. R
SR P W

JJOWWAS OT1°v eanbyy

ELINE LI
002 o8l 09) oOhl ozl 00! 09 29 oh 02 0 002 00} 09} (1] 114 00} 08 09 0h 02 ('

PO DI WU P N 0. SR

-+
L
-
L
-+
<
4
-
<
<
-
L
91
-

1 A S Sl "I
|
rj
0
(93Q) 1280
]
(93Q0) 12SQ

JHIL NI .
002 os) 08l oWl o021 00} 00 09 oh o2 q, 002 08l 091 oWl 02 o0l 00 09 Ok 02 0, g
+ + + } $ } et + $ + + 4 - ®

0
2180

230

i
b
(9300 21sQ

jin
+
3

3
<+
<
b

3
-+
-
9

<

3
-
3
<+
+
]

ML M -

002 2“_ 8+_ oht 02! o0a! 00 09 oh 02 0, 002 091 091 ot o2t 0014 ! 09 09 o 02 0 !

. $ } + $ 4 $ 4o + + + + 4 + + + + So N R
om om )
. 9 P . g ° -
wl\ “.l .IJ

.
L]
-
)

r + —+ + + + ¢ + + ¢ 2 + + + + ' + + ——t 2

: 3 o 4

002 (L]} 091 onl Juit I T

—— O L P O 00z 091 03 om0zt o0i 03 03 on o2 o, "

, + + + 4 4 4 + 4 4 —t o f ]
. co

8 u® ‘-

(930) 80
|
—
00°0

P Y %

(930

I
<
000

ge°0
WA

.-
b

-
3
b

4 —
+ +

0c°0
<

\.'_'-‘_.. -
LAm ™ o s lud

SINANT TTOYINOD SINNT T0YINOD

T
Al

o

- N
"




PT— M I 0 S aan G o g e et e i ooh peHCaS e s st e at b el sl Uit Calard Cull g e aha~ A iar r"‘.":*".‘*.‘*?"f'"'.'w.-'.r'?’.-'.".-'.-'.~'1
VoY
e
Q ° e 2
=] -3 (-] 2
o~ ~ ~N ~
(-] (-3 (=3 Q
+ +® <+ +® + +D 43
2 2 2 bt
e e o o
- - O - 7] - < D +*
2 2 2 2
° e o °
- - r's - - - -
z = z -4
o o ° °
3 -t - -V - N - N
- - 1 - -
o @ o
4 LS + 43 1 +8 {3
=4 2 2 2

TIHE

OUTPUTS

[ 9> g0 0060 0£°0> 02°0 00°0 02°0-° ot°c 06°0 Q10>
93 0W {9301 HILIdi-0I® (S/0) LUuMY (S/14) uHied

A
) ) e
&

200
0

w-fé;
w0
Comparison for +/- 5 Degree Roll Angle

~ ~
Q
T - --§ -~ Tg s ..g
e 13’
L 18 18 ¢ 15 18 pe)
- - s
[
-
a
+ +2 -.-g. P .\.2 -+ 4-2 n
o S |
! I s | gl g |
-
[ 2 2
- ..g - <+ 4-8 <+ <.g ‘5 1
- —— - =
£ £ £ £ 2
4 ig +4g & fe 1 Lo .
+- PN e - - - -3 !
@ 3 a T ' e {
<+ 0? - --g £ --g - -Lg
-] - E -] o’ - 4. -3
~

OUTPUTS
2
2

00°0 080" 020 00'0 020> ot'6 000 of 0"
(930) W3L1d41-01% (5701 LUYMBL (§/13) WHLJIG

76




ot

Cull

el -

L B i

L B ANEe i S & 40 B S iy

i e A " e

LR Yl

11°p eanbyy

FLIY INIL
002 091 091  Oh 02  o0Of 06 09 oh 0z q, 00z 081 031 ont 02  GOi 08 09 oh 02 (N
T T M Wz + + + + y — d T ¥ .W
3
4 {az 4
8 71 @
(-]
+ + + + N " N ~ N n s P M : " -+ 4 -
+ + + + + + + o + + + v a g T e ¥ T M
8 3
. ELINY FLINY
902 081 991 Chl g2t ooi 09 09 oh 02 Q,_ 002 081 031  on 021  oo0i 0e 09 oh 02 0,
! ; ; - : + + + ——to } + ” 4 + + + + + )
8= >
o
i {em \_ls
=o 8
+ + + ". + + + iad . — N N . N . N c
v w L T v v T T v T v .l
o w0
3Hl FLINT
00z 081 091 owm 021  ooOf 09 08 oh 02 0, ooz 08t 931 own o2t ool 08 09 on 0z %
+ + o + g + - + + .om 4 + + —t 4 + 4= 4 .h
33 8
s } {w
3a P
= (-]
T -+ + 1 - + s N . . + N N ~
T s . T T A\ T + v A wn
~ ¢
o -]
(-]
0oz 08 031  ¢st o2t oof o8 08 on 0z 0 -
r ' ; : et . a " o WOLESHECH0D 1ONW ST *2IBUHIJI0 D3S/14 1 W04 NOTLUWIILNI WHINIINON
[1iland -
/)\/o, $31117073A
[~
. em
22
o
x
+ ~+ + + + + + + °a
0
8l

YDIESHZEADD 10NN ST °JIWUNIJIO J3S/14 1 UDJ NOJIUYIILINI YUIN]INON

H1d30 ONB 30NL1LLH

M

(S714)

1-01% 1S/714) A

n

(/1)

77

AP RArAE P /APESENAPPEREY] PR Duw e s, S MR LIRS S PATUPAIIP AT M ER A, DA
oy
. A
L
r
e
.%L
.2
]
oy
-. L]
'
s,
1 P-




11'b @Inbyy

T T YT T we—"

PR st e S Rt b o Zan e ach e

L INIL
002 0:: 291 tat o2t oot 09 09 oh 02 Lo 062 ol 281 ohi oct 001 08 09 oh 02 0,
+— -+ — + + + -+ bt . + - -+ + + + + + F 34
(=S w
ox n
> >
+ len Dm
N o
=4
‘ ‘ — - 4 + + . + + + =
+ + + + — ° ; + + + — + + +
o
AWIL Wl
002 0s: 3 i 021 001 08 09 Oh 02 0 < 002 051 091 oht 021 001 00 09 on 02 o,
+ + + + + ~+ } &> - + + + + + -+ + + L0
g w
33 o
—
£ — <8
g3 3
L
[0 0]
+ + -+ + + + * o + + + ' + + + = o
s
L 2 NLL
002 08: cat cht o021 00t [11:] 1] on 02 0, < o002 081 o9t oni 02l 0ai 0@ Wm o.-. p~ a..u
- + + + + + + + & + —+ + 4 + + + + 5o
N bria
ox \.1 -
(=]
ee o
52 <
L + 4 + + 4 o " n " N 4 + — + ©
+ * + e + : + -
3 7
ELI D] I
002 02t -1} ot 021 oot 08 09 on 02 0, 002 081 991 cht o2t 001 08 09 oh 02 0,
+ + + + + n 4 + o3 : + + + + + 53
g AN
o ’ O.m-.
82
; +— + —~+— + + + + ex + + + + + + + + «
&9
HOLESLZA3D 10N §1 ‘319uHLJ30 33S/14 1 W03 NOILUYIILIN] WHINIINON WOLESNZ403 L1ONM S1 “314UHid30 236714 1 W0 NOTLUUIILN] WHINIINON
SINdLNgO SINANI T0YINOQD
‘L !..J'---.-'..F.. .




Py 2 el alar

T —

r———

b ot T D Ani it pum Dun. R §

oo bt —r T e o, . I
PLOR AR FL st (b 4 g G i A A ow st SR iarieties s g e gy B pLana g arardres sy iR Sbbas dethired e BN | PR AL ST ok o4 SONN DRI S A ] | R P .u

ee1beq OT- pUv pUCDOBG/308] G'p JOF UOTIOINMIE Z1°'p einbry

NIt IMIL '
coe 03! Il (1] 39 021 oot 0§ 09 oh 02 q, 002 081 291 Ohi ozt o001 08 09 Oh 02 q
T g T o g — T wz T T T L v v T -wn
3 =
4 452 § 3o
| 1 w?
o S
P : — ; - A ; ; 4 + — o ’
4 + + fO: + = + + —f— .9 p
[=] e L
ELRBY FLIPY 4
00z o8t c3l  om 02t  00f 08 09 oh o2 0, , 002 081 391 oni 02l o0l 08 09 oh 02 0, "
: ; : + + + . ~ a3 : _ + + + + S =
= a_ ey
- = .4
m:.n.“ o3 ;
x * 4
+ — + A——t + et M + + — + + —+— + e o N
) oL o~ .
ELINE ELI DY
002 081 381 om_ o2t o0l 08 09 oh o2 0, -+ 00z 08! 91 om o021 oo 08 09 on 0z 9, e
+ : - + + + + 4 . T + +— + + ) x
> 8- o
£ 3 i
- -—
Om 1 ..”.M.W -4
3 o~ d
e »
-
3 e + - + + PR + ol\.. n - — . e — n " "w_- .
@
a1 t _Ur_—._. L] 09 oh 02 - 3
ooe ee! o2 ont ki oL m + — + QL«M €30 O1- ONY J3S/14 S°h HOJ NOILWYOIINI We3INTINON h
— - L
AN\ |z S31113073A
Om L
e :
..4
; —— : . ~ .
: S .

530 Of- ONY J3S/14 S°h HO4 NOI1UWOILN] WHINIINON

H1d430 ONY 30NnLILlY o

.
f
:
. .-.
‘ d
-
a4
.-,
..
Faal ¥ SO At R . . D
SRR AN e e e . .
A e AL L LR lalx x




UcT3IeTN¥IS ZI'p exnbry

) A
.- .- A.A
' L . W11 Il L .
,,-. oee Gl gt ghi om~ oow_ o.c mw m: 02 cﬂm ope cm.a uw._ OJ_ ON._ OJ_ JQ Jm Js Q_N 0, . T
,- N 4 — > T T Y - T + + ad ms |
. T Y .
; 3 x R
. 1 | Ao v

-
9

(S/14)

93

2 W11 M1l o
i 002 ogl  oel  on 02t o0 08 09 on 02 0, ooz 091 391  om o2l 00 08 09 oh 0, e
, : . ; " — } + } Mm ; ; + + : + + 7] Y
=3 n e

—

0

00°0
1S/M
? »8 4
1230
80
I,

+ + " R R + o : N : ; + prs PR
mn + + + -+ + o -.-\
3 ELD B < ETI )
002 68! 91 Oht oz! 001 08 09 on 02 o, - 002 081 91 oht ozt 001 08 09 oh 02 0,
: : ; r + : } + L= + . . ——t + + + \ %o
. S.n-. £ f )
7 H o . 4.
= > o y
Dm, ¥ .00 -A
8 /\ g<
X ° ;
y : — 4 + + pr + + + + + 4 + + : 5
b s
3 N1 L
\ 002 081 0s1 on! o2t 001 09 09 oh 02 0 0oz 081 391 oni g2t oot 08 09 oh 02 0,
t ) ' A ) ) ) ) ) .aw . 5 H . A vk : ) Ro
r. “” i\\ ® "
g \\\l\/ = Om .h..‘.
)
: °7 e M
K|
B . i . . . ~ . - N N N N ‘i
2 AP |
2] -1
) f
3 230 0f- ONY 33S/14 S°h WOJ NOTIUWOILNT WHINIINON 930 01- ONY J35/14 §°h HOJ NOIL1UHOILNI HHIN]INON M.
r v
‘ S1Nd1No SINANT T0YINOD A
8 . ...4_ 1
y ..,
1
e 3
-
d

I ....\.-.--..-.. .....-

[




Ty

-

v.""v_""l
N v, B

T—frv‘r‘r L g
. B
. .";';'.'; BN
T A LI S B | A

Vv
[y

v

deilection of the fairwater planes in response to the depthrate command,

aternpianas in response to the ordered pitch angle and minor deflection of
the rudcer. Figure 4.12 confirms this to be the case.

Subsequently, simulations which flexed the compensatad system in the
vertical and horizontal planes of motion simultanecusly were made at speeds
from 15 to 30 knots as a prelude to gain acheduling. These aimulationa and

justification for not enploying gain acheduling are discuased in Chapter S.

4.5 Sumnary

The first section of this chapter covered the LQG/LTR methodology for
robustnesas and performance at the pilant output. Next, the design and
analyais of the linear compenaator for the SiSR1 model were presented.
Finally, results of some sinulations at 15 knots were presented. These
siaulationa deaonatrated the asymmetry of yawrate and roll angle and
confirzed the predictions of the singular value decoaposition for the

ranafer function relating the control inputs to the reference comamandas.
Chapter S will cover some additional simulations which were performed for
apeeda from 1S5 to 30 knota. A compariaon to the compenaator deaigned by

Martin (8] is also presented.
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CHAPTER S

ADDITIONAL ANALYSIS OF THE COMPENSATOR

This chapter covers additional analysis performed on the compensator
designed for the S1SR1 linear model at speeds from 15 to 30 knots. This is
followed by a comparison to the S30Rl compensator designed by Martin (81.
As a result of this analysis, it was deterained that while gain acheduling
would offer improved perforaance, it was not required to assure a closed

loop stable system and therefore would not be implemented.

5.2 Additional Analysis of S1SR1 Compensator

It has been shown that using active roll control through differential
deflection of the sternplanes reduces the depth excursion problenm
experienced by & high speed submarine in a turn. 1In this section, it
becomes obvious that active roll control also provides improved perforaance
for depth changing and coordinated maneuvers over a wide speed range.

To implement a gain acheduling scheme, linear coapensators aust be
designed for various discrete speeds in the speed range of interest. A
question arises aa to how to select those discrete speeds. In this case,
quantifying the modelling error between the linear model and the actual
plant is difficuit. We can use the robustness singular value inequalities
(3.10) and (3.11) in a similar manner by assuming the linear mcdel at one

speed is the raal systenm ﬁ(s). the linear model at another speed is the
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ncdel G(s) and using the relationships (3.8) and (3.9) as a gauge of the
errors between the models. This is not strictily accurate representation of
the errors and the following comments should be kept in mind. Due to this
assumption, the error between the S15R1 model and the actual 30 knot system
is probab.y larger in some directions and smaller in others. The
inequalities provide a conservative estinmate of stability robustness so
that the system may be stable even if the relations (3.10) and (3.11) do
not hoid. These two conditions tend to offset one ancther and
deternination of systea stability must be confirmed through extensive
simulation.

A comparison of the singular values of the S15R1 and S30R1 linear
models is shown in Figure S.1. At low frequency, the singular values of
S15R1 are generally lower than thoae of S30R1 with the exception of the
ninimum singular values which are identical up to approximately 0.0S
radians/second. We see that use of integral augmentation has increased the
gain of all singular values by approximately 60 dB at 0.001 radians/second
and has shifted the maximum crossover frequency somewhat higher. The state
space matrices for S3CR1 can be found in Appendix Cl.

Prelininary simulations showed that the compensator designed for the

15 knot model adequately controlled the nonlinear model even at 30 knots.

Assuming the S30R1 model as representative of the real or noainal syatem
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i ‘g(s) and the S1SR1 model as the system model G(s), we can get a feel for
Efff the error of the S1SR1 mocdel at 30 knots. Figure 5.2 shows the comparison
;'.. of the singular values of (I + (G($)K(3))-11 and (I + G(s)K(s)] with the
PV‘ singular values of (L(s) - Il and [L-1(s) - Il and reveals that the
ilg: singular value inequalities (3.10) and (3.11) do not hold., As previously
L B

stated, the relationa provide a conservative estimate of stability and the
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direction of the instability (if it does exist) must be deterained througnh
testing. The results of some nonlinear simulations for the 15 knot
compenaator are now presented to support this claim.

The maneuvers presented in Chapter 4 were rerun for various speed
between 1S and 30 knots with favorable results. Since these maneuvers were
nct very stressful, two maneuvers which flexed the system were simulated.
The first maneuver consisted of a combined dive and turn perZormed at 15
knots, at 3C knots, as speed increased freom 1S to 30 knots and finally as
spead decreased from 30 to 15 knots. The maneuver begins with a 4.5
feet/second depthrate, -10 degree pitch angle and -2 degree/second yawrate
initially applied at t = 5 seconds. At t = 80 seconds, the yawrate command
is zeroed, followed at t = 130 by the depthrate and pitch commands.

Results of these siaulations were satisfactory. For the sake of brevity,
only the speed change nmaneuvers are presented. Figure 5.3 shows the
reaults with the 15 to 30 knot run on the left. Both aiaulations were
coapleted without encountering instability however, there were notable
differences in the yawrate command following and minor differences in depth
change. The roll angle for both simulations was adequately controlled
after the initial transients due to control surface movement died out.
Maximum pitch errors of approxinmately 3 degrees and 2 degrees respaectively
were experienced. The botiom line of this maneuver though was to effect a
course and depth change through appropriate rate commands during a speed
change to stress the system. Considering the time the rate coamands were
in effect, the depth should have increasad to approximately 1060 feet and
the course change hava been 150 degrees. The 15 to 30 knot simulation
displayed some overshoot in depth but both converged to within a few

per-ent of thae intended depth as did the 30 to 15 knot simulation. Even
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though the yawrate command following for the 30 to .5 knot was not felt to
be adequate, both simuiations converged on a 150 degree course change.

The second maneuver consisted of a dive with an orcdered roll angie
during speed changes such as that in the previous maneuver. At & = S
seconds, a 20 degree roll angle, 4.5 feet/second depthrate and -10 degree
pitch angle were ordered. The 20 degree roil angle remains for the entire
sinulation however, the depthrate and pitch angle orders are removed at
t = 130 seconds. Figure 5.4 shows the results with the 15 to 30 knot
sinulation on the left again. The siaulation for 15 to 30 knots showed
favorable results by maintaining the ordered 20 degree roll angle. The
depthrate and pitch angle responses exhibited some overshoot but were
converging on the commanded values as the fairwater planes came out of
saturation. Throughout the maneuver only slight disturbances to the
yawrate were present. The 30 to 15 knot simulation showed that the system
was stable, but due to the speed decrease, the roll angle could not be

naintained as is evident by sternplane saturation at t = 95 seconds.

S.3 Coaparison of 15 and 30 Knot Compensators

Since the 15 knot coapenaator performed adequately, the next logical

step was to determine how it’s performance at various speeds compared to
the compensator designed by Martin for the 30 knot model. For details of 5
the design as well as a comparison to a system without active roll control g
the reader is referred to (8]. The matrices for the 30 knot compensator i

4
are found in Appendix C2. ]

First, aeveral benign maneuvera ware parforaed to observe how the

control inputs and outputs of the two systeas responded. The first set of
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simuiations shown in Figures 5.5 and S.6 weres for a -1 degree/second
yawrate step input applied at t = S seconds at speeds of 1S and 30 knots
respectively. The response for the 15 knot compensator is on the lef: and
the 30 knot on the right. In general, both exhibited good command
following with the 30 knot compensator reaching the commanded yawrate
quicker. t is evident that this occurs because the control surfaces aove
nuch faster than the 1S knot compensator. It should also be noted that
this causes major disturbances to the states and other outputs as compared
to the 15 knot compensator. Of particular intereat ia that the 15 knot
compensator showed more oscillation at 30 knots and the 30 knot compensator
showed aore oscillation at 15 knots. This is due to the particular
simulation bging far from the nominal point. The osciilations for the
system using the 30 knot compensator were generally of larger aamplitude
than those of the system with the 1S5 knot compensator. This set of
simulations was followed by a siailar set for a 1 foot/second depthrate
with siailar results.

The two maneuvers presented in Section 5.2 above were then rapeated
for the 30 knot compensator. The results of the sinulations are again
shown with the 15 knot compensator on the left and the 30 knot coapensator
on the right. The 30 to 15 knot simulation for the turn and dive is
preaented in Figures 5.7. The results are generally the aame as previously
stated. The 30 knot compensator responds quicker, is more oscillatory and
exhibita more overshoot. O0Of particular interest though ia the saturation
of the fairwater planes at t = 80 seconds due to the sternplanes defliecting
quicker than those of the 15 knot compensator as the yawrate command is

removed. This results in growing errcrs in pitch and depthrate until these

96
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conmands are removed. The results of the roll and dive maneuver provided
sinilar results and are therefore not presentec.

As shown in Figure S.8, very intereating results were obtained when
the simulation was repeated for 15 to 30 knots. The results are similar
until the yawrate command is removed. At that time, the aystem with the 30
knot compensator experiences a large snap roll, almosat twice that of the 1S
knot compenaator. At t = 110 seconds, the fairwater planea of the 20 knot
compensator saturate which the system also handles but with a larger error
in pitch and depthrate. At t = 130 however, the pitch and depthrate
commands are zeroed and the system goes unstable in the vertical plane as
evidenced by the growing depthrates and pitch angles and repeated
saturation of the fairwater planes and the oncoming saturation of the
sternplanes.

As shown by Martin, the 30 knot coapensator perforams well for large
yawrates. t appears then that the problem arises only for motion in the
vertical plane. The reason or reasons why the system with the 30 knot
compensator goes unstable and the systea with the 15 knot compensator does

not are unknown but the following ia offered aa a poasaible explanation.

(1) The higher croaaover frequency for the 30 knot compenaator
cauases the control aurfaces to move faater. Theae quick
movements result in quicker control surface saturations resulting

in large intergatad errors.

(2) Since we are operating away from the noainal design point, the

model ia no longer accurate for motion in the vertical plane.

(3> The drag terma associated with the 15 knot coapensator

aimulation are actually 4 timea larger at 30 knots than at
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15 knots (drag is proportional to veloci:y squared) where the
compensator was designed. This has suff:ic:ently slowed “he

aystem reaponse at 30 knots, particularly in the directions

related to motion in the vert:cal plane.

Deteraination of the exact cause is a subject which requires further

]

£ o al)

research. In any case, the 30 knot doea exhibit better performance in aild

’

aaneuvers 50 to0 implement a global control system for the submarine at
various speed and for variouys maneuvera, there may be aome nerit to uaing

a guick controller for mild maneuvers and a slower controller for more

radical aaneuvera,

| IR
.
A

As a result of this anaiys:a, it was deterained that implementing a
gain scheduling algorithm would not be feasible without either redesigning

the 30 knot coapensator for a lower crossover frequency or limiting the

maneuvers at higher speeds. As shown by Lively (7], iaplementing a gain

L

acheduling acheme is rather atraightforward and in thias caae, it was felt

LR I
L)

A

that nothing new would be learned from the exercise.

¥ "

Y
r"l
(."1
B
.

.

S.4 Sumpary

o o

This chapter has covered some of the more stressiul maneuvers which
the 15 knot compensator performed. The 30 knot compenaator exhibited
better behavior for lesa stresaful maneuvers and at lower speeds where the
quick control surface movements did not excite any inatabiiities like it
did at higher speeds. As a result of this coamparison, gain scheduling was
not usaed as it was felt that aore could be learned from investigating the -
effect of control surface saturation. The use of an Antireset Windup (ARW)

feedback loop ia investigated in Chapter 6.
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C3APTER 6

IMPLEMENTATION OF ANTI-RESET WINDUP FEEDBACK

6.1 Introduction

In Chapter 5, it became apparent that as the submarine is ordered to
do more difficult maneuvers, control surface saturation enters into the
picture. While the 1S5 knot compensator resained atable throughout the
testing, the 30 knot compensator did not. As was evident in the
sinulations presented in Chapter 5, control surface saturation of the
fairwater planes occurred frequently and in some cases for long periods of
time. To decrease the time required for & control surface to come out of
saturation, an Anti-Reset Windup (ARW) feedback loop is installed. The
chapter begins with a discussion of the ARW feedback loop. This is
followed by an analysis of the impact of the ARW loop on the open loop and
closed loop systems. Finally, several simulations which demonstrate the

use of ARW are presented.

6.2 ARW Feedback Loop

As a result of prolonged control surface saturation, the systenm
experiences a phenomena known as integratcr windup or reset windup. The
delay in the control surface or surfaces coming out of saturation after the

saturating condition is no longer in effect is caused by the intagration of

M,

the

the error between the ordered deflection and the saturation level. I
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error is .large aand/or the period of saturation is long, the integratec
error may alao become large and quite signif:cant delaya can e
enccuntered. To counter this probiem, a nonliinear feedback loop is
employed whose effect is to "turn off"™ the integrator for the saturac:ng
actuator.

The use of ARW atrategy in a MIMO control aystem ia not fully
developed and the aethod employed here is based on {27] and personai
interact:ons with 1t3 authors, Xapascur:s and Athans. Figure 5.1 shcws %the

closed loop system with the ARW feedback loop instalilec around the

kg 6L S e

Figure 6.1 Structure of the Closed Loop System With ARW

integrators. The nonlinearity prior to the plant represents the saturating
control aurfacea of the asubmarine, with the asaturation limita aa liated in
Table 3.1. When the control aurfaces are not in saturation, the feedback
loop ia "deenergized” through the "dead-zone" aa shown. Aa a control
surface saturates, the feedback loop for that control channel energizes.

As a result of this feedback, the integrator is replaced by a lag networik

as shown by (6.1). The amount of feedback used is a function of the

uts) = (I7g)tl +eeclzg) 1-1 K(a) els)
= K(a) (I/(a + )] eta) (6.1)
120
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variapie & in the loop but the net effect of the feedback is to reduce the
gain at low frequency. Ff:gure 6.2 shows the 2ffect of the parameter & on

the Bode plot of a lag network. As & i3 decreased, the behavior of the

db
|

601

40

20

0

ma—tlogbi

-20

—yg $2100 \\

-0 1

Figure 6.2 Bode Plot of Simole Lag for Varying &

loop approaches that for the integrator. As < is increased, the gain at
low frequency decreases. At present, there is no known atraighforward
method for selecting ¢, especially for the MIMO case. To gain some insight
on a method of selection, several areas were exanined.

Figure 6.3 shows the effect the ARW method has on the singular vaiues
of the loop transier matrix G(s)K(s) where G(s) now contains the dynamics
of the ARW feedback locp instead of the integrators as presented in Section
3.5. At low frequencies, the singular valuea have apread with two showing
slight increases, one a slight decrease and the cne associated with the
saturated control surface a draatic decrease. When X waa decreased by a
factor of 1/2 from 0.1 to 0.035, the minimum singular value increased by a
factor of 2 or 6 dB. There was little or no effect on the tranafer
function relating reference commands to control inputs (4.30) or its

atngular value decoampoaition. Finally, the efiect on the aingular values
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of the cilosed loop system for X = 0.05 is shown in Figure 6.4. Again,
apreading of the singular values occurs at low frequency and one wculd
expect problems in the channel with the -10 dB ainimum singular value. ror
this design then, the only noticable effect is on the singular values and
not the singuiar vectors. Therefore, selection of the parameter o appears
to be based on how much the ainimum aingqular value of the unsugmented
systen needs to be increased at low frequency to assure acceptable command
performance. In the next asection, geveral asiaulations which shcw the aer:t

of using an ARW feedback loop are presented.

6.3 Simulations for System With ARW Feedback

Using the ARW feedback loop as deacribed in Section 6.2, several
sinulations were made for various values of . Because the amainiaua
singular value of G(3)K(s8) exibits such a large dependence on X, it was
thought that to have adequate perfornance and robustneas, ©C would have to
be selected such that the value of the minimua singular value was at least
20 dB at low frequency, consistent with the low frequency barrier in Figure
3.6. This proved not to be the case aa an of of 0.0S aseemed to provide
adequate coamand following. Thia may only be sufficient for the seriea of
tests performed by the author. Additional testing may indeed indicate that
comnand following is not satisfactory for some combination of comnmand
inputs. But that is a aubject for further research.

Since saturation of the fairwater planes occurs moat frequently, the
firat two sinulations deal with an ordered depthrate with 2ero commanded
pitch as this would easily cause saturation. A coapariaon ©of the closed

loop aystea response for a 2 feet/second comzanded depthrate with and
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f" without ARW feedback is shown in Figure 6.5. A "aild"™ saturat:on is
created by application of the reierence command at ¢t = 5 seconds. Not:ing
the change in scale on the graphs, we see that the responses rema.n
identical until t = 130 seconds when the reference command is zeroed. At
that time, aternplane and rudder deflectiocns are the same but a alight
difference in the fairwater piane deflection occurs with the ARW simulation
dispiaying a slight overshoot. Review of the outputs show that the
oscillations have been effectiveiy decreased and the output errors siightly
reduced in magnitude.

To demonstrate the effects of a prolonged "hard" saturat.on, another
siaulation was made with a 4 feet/second commanded depthrate as shown in
Figure 6.6. There is a slight difference in the rudder and sternplane
deflections but an obvious improvement in fairwater plane response is

noted. At t = 130 seconds when the reference command is zeroed., the

fairwater planes for the system with ARW imnmediately deflect to reduce the
depthrate to zero while the fairwater planes for the system without ARW do
not come out of saturation for another 110 seconda! A comparison of output
variables again shows that the ARW feedback loop has decreased osc:.lations
and more importantly, decreased the error by as much as a factor of 2 in

the case of depthrate and yawrate.

o > i on

These sizulationas have shown that for a system which experiences
r;. prolonged control surface saturation, the uae of an ARW feedback loop will
-
:}’ decreaae oacillations in the outputs and acmetimes aignificantly decrease
L

L the magnitude of the maximum error. Additionally, the use of the fairwater
planes as an effective dynamic control input is regained almost immediately

instead of waiting until the integrated error is nulled.
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6.4 Summary

This chapter has covered the use of an Anti Reset Windup feedback loop
to improve performance of the submarine in the presence of saturating
control surfacea. In particular, the effect on fairwater plane szaturat:on
was demonatrated with notable improvements by reduction in the oscillation
and maxiaua error of the output variables and the time lag unt.l dynamic

control of the saturating surface ia regained.
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CHAPTER 7

SUMMARY AND DIRECTICNS FGR FURTHER RESEARCH

7.1 Suaaary

This thesis has presented the design of a multivar:able con:rcli svstem
for a subrarine using the Linear Quadratic Gaussian with Loop Transier
Recovery (LQG/LTR) methodology. The submarine model was based on the NSRDC
2510 aquations of motion modified to include the crossfliow terms of the
updated equations, differential control of the sternplanes and a constant
RPS constraint on.the propeller.

The 10th order linear model based on a norinal point of 15 knots
forward speed and 1 degree rudder deflection was reduced to an 8th order
systemn and then scaled for units and input/output weightings. Using
LQG/LTR, a Model Based Coapensator was designed for a crossover frequency
of 0.1 radians/second for the plant augmented with integrators to reduce
steady state error to step inputs. The design was aextensively taested at
speeds from 15 to 30 knots and then coampared to the compensator design by
Martin (8], That design is based on a 30 knot model of the same submarine
but has a crossover frequency of 0.5 radians/second.

Subsequentliy, an Anti-Reset Windup (ARW) feedback loop was
incorporated to reduce the effects of saturating control surfaces on the
dynamic response of the submarina. This is accomplished by replacing the
integrator in the input channel with a simple lag when that channel issues

a connand above the saturation levael of the control surface.
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7.2 Conclusions and Directions for Further Research

The LQG/LTR multivariable control system design methecdology has been
used to deasign a controller which considers rather than neglects the cross
coupling present in the dynamics of a submarine. This provides for better
control over a wider variety of maneuvers since the model is valid for
larger perturbations than one which is based on decoupled vertical and
horizontal planes of motion. Active roll control through the differential
deflection of the sternplanes also helps by limiting perturbations in roil
angle during maneuvers, thereby limiting croaa-coupling.

The use of modai analysis and singular vaiue decoaposition have proven

to be an excellent means of providing the designer with insight on the

PR a—

atates and control inputs which dominate the response of the submarine.
Additionally, the singular value decomposition of the tramsier function
relating the reference coamands to the control inputs Xr(s), provides !
important information on their coupling, i.e. what control inputs are 1
generated in the controller for a given reference command.

Comparisona of the 1S knot compensator designed in thia theaia and the
30 knot compensator designed by Martin (8] indicate that a higher crossover l
frequency is desirable for improved performance during mild maneuvers of
the submarine, but a lower crossover design is preferable for more radical
raneuvers. This was evident by the instability experienced dur:ng the turn
and dive maneuver by the system using the 30 knot coampensator.

The effectiveness of an ARW feedback loop was demonsitrated in a systenm
that experienced control surface saturation. It was deterained that the

‘ feedback parameter alpha must be selected such that the gain of G(s)K(s)

AN i K K K ol

f%, remains high enough to guarantee adequate coamand following. There was no
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affect on the singular vaiue decomposition of Kr(s) anc only a slign:c
efiect on i{ta asingular valuea.

This thesis has provided an avenue for advancement in the area of
subaarine control system design but prior to any actual system being built
and put to sea, much more research must be performed. This thesis and
Martin’s have demonstrated the advantage of using differential defliection
of the sternpianes to provide active roll control for the submarine.
Additional research is required however, in the area of casualty control in
the event of a sternplane or other control surface failure. In Chapter 5,
it was shown that the 15 knot and 20 knot compensators could be operated at
speeds and operating points far away from nominal but thatthe severity of
the maneuver had to be restricted for the 30 knot compensator due to
instabilities. The reason for this unstable condition is mostly atiributed
to the higher crossover frequency, but the affect of the higher nominal
speed must be investigated. The use of gain scheduling will obviousiy be
required for an actual controller design which effectively controls the
submarine at all apeeds.

The singular value decomposition of the plant and the reference to
comnmand input transfer function Kr(s), provided useful information about
the coupling of the syastem at low frequency, but the singular values and
singular vectors change as a function of frequency. Additional research in
this area will provide insight into how the coupling of the systea changes
as a function of frequency.

The last area which requires further research is the use of Anti-Reset
Windup feedback. The improvement in the submarine’s performance was
evident, but the method of selecting the feedback parameter X needs

further development. Additionally, the effect of prolonged multiple
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saturations while using as ARW feedbackloop and the effec

on closed loop stability must be addressed.
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ORTGINAL PLANT MATRICES PRICR TO SCALING AND MODEL REDUCTION

A MATRIX (10 x 10!

~1.9012E-02 -1.1096E-92 -4,2241E-04 -9.3941E-03 -1, 4035E-02 1.5933E+00

5.8364E-04 -8.0771E-02

3 4469E-04 -6, 46B2E-01 9.48B2E-02 -7.B8144E+00

7.2933E-06 -7.89326-05 -5.3862E-02 -8.0323E-01 6.1384E+00 9.74226-03

1.10976-04 -3.8724E-03 -7.1679E-04 -2,2072E-01 -1,2851E-01 -1.4504E-02

-6.3774E-07 -2,2004E-04
=1, 3843E-05 -1,0317E-03
0.0000E+00  0.0000E+00
0.0000E+00  0.0000E+00
0.0000E+00 0. 0000E+00

9.1574E-03 -2.8183E-02

6,7287E-04 -5.7394E-03 -2.0682E-01 1.4001E-04
3.7870E-06 -3.5813E-03 4,7420E-04 -1.9379E-01
0.0000E+00 1,0000E+00 2,5811E-04 -9,1343E-03
0.0000E+00 0.0000E+00 9,9940E-01 2.81B4E-02
0.0000E+00 0.0000E+00 -2,81B4E~02 9.9943E-01

9.9936E-01 0.0000E+00 0.0000E400 0.0000E+00

B MATRLX (4 x 10
-4,2090E-04 ~1,5065E-02 7.2244E-04
0.0000E+00 5.9604E-01 -4.3727E-02
-3.7257€-01 -3,8218E-07 ~2.5391E-01
0.0000€+00 1{,0988E-02 §,3783E-02
3.57B4E-03 1,2605E-07 -6.1424E-03
0.0000E+00 -1,5105€-02 -8.4874E-05
0.0000E+00 0,0000E+00 0,0000E+00
0.0000E+00 0.0000E+00 0,0000E+00
0.0000E+00 0,0000E+00 0.0000E+00

0.0000E+00 0.0000E+00 0.0000E+00
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0.0000E+00 2, 9550E-04
1.3176E-01 -3.4021E-05
0.0000E+00 7.5175E-03
-1.6206E-01 4, 1B45E-0%
0.0000E+00 ~2.5124E-03
2.6177E-04 -6.7592E-08
=1.3327€-12 -6.2735E-03
6.2730E-03  0.0000E+00
1.4353E-10 S.7451E-05

7.9107e-01 -2.4818E+01

7. 2244E-04
4,3727E-02
=2.5391E-0t
=5.3783€-02
-6, 1424E-03
8., 4874E-05
0.0000E+00
0.0000E+00
0.0000E+00

0.0000E+00

0.0000E+00
0.0000E+00
0.0000€+00
0. 0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00

0.0000E+00

0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00

0.0000E+00
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MATRICES TO PERFORM UNIT TRANSFORMATIONS

Ratriz used to presyltiply the A and B matrices:

1.0000€+00
0.0000€+00
0. 0000E+00
0.0000€+00
0, 0000€+00
0.0000£400
0. 000E+00
0.0000E+00
0. 0000E+00

0.0000E+00

1.0000E+00
0. 0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0. 0000E+00
0.0000€E+00

0.0000€+00

0.0000E+00
1.0000€+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0. 0000E+00

0, 0000E+00

0.0000€+00
1. 0000E+00
0.0000E+00
0. 0000E+00
0.0000€+00
0.0000E+00
0.0000€+00
0.0000E+00
0.0000E+00

0.0000E+00

0. 0000E+00
0.0000€+00
1.0000E+00
0.0000€+00
0. 0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00

0. 0000E+00

0.0000E+00
0.0000E+00
1.0000E+00
0. 0000E+00
0. 0000E+00
0.0000E+00
0.0000E+00
0.0000€+00
0.0000E+00

0.0000E+00

0. 0000E+00

0.0000E+00

0.0000£+00

S. 73008401

0.0000€+00

0. 0000E+00

0. 0000E+00

0.0000E+00

0.0000E+00

0.0000E+00

Matrix used to postasaltiply the &

0. 0000E+00
0. 0000E+00
0. 0000E+00
1.T452E-02
0. 0000E+00
0. 0000E+00
0., 0000E+00
0,0000E400
0.0000E+00

0.0000€+00

0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
5. T300E+01
0.0000E+00
0.0000E+00
0. 0000E+00
0. 0000€+00

0, 0000E+00

0. 0000E+00
0.0000E+00
0. 0000E+00
0. 0000E+00
1, 7432802
0.0000E+00
0.0000E+00
0.0000E+00
0. 0000E400

0.0000E+00

0.0000E+00
0.0000E+00
0.0000E+00
0.0000€+00
0.0000E+00
3. 7300€+01
0.0000£+00
0, 0000E+00
0. 0000E+00

0. 0000E+00

0. 0000E+00
0. 0000E+00
0. 0000E+00
0. 0000E+00
0. 0000E+00
1,7452E-02
0.0000€+00
0.0000E+00

0.0000E+00

0. 0000E+00 .
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0.0000€+00
0.0000E+00
0.0000E+00
0.0000€+00
0. 0000E+00
0.0000E+00
5. 7300E+01
0. 0000400
0. 0000E+00

0. 0000E+00

satrixs

0. 0000E+00
0. 0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0. 0000E+00
1,7432€-02
0.0000E+00
0.0000E+00

0.0000E+00

Y

IR
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0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0. 0000E+00
0. 0000E+00
0.0000£+00
3. T300E+01
0. 0000E+00

0. 0000E+00

0. 0000E+00
0.0000E+00
0.0000€+00
0. 0000E+00
0.0000E+00
0.0000€+00
0.0000€+00
1. 74528-02
0.0000E+00

0.0000E+00

0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000€+00
0.0000E+00
0.0000E+00
0. 0000E+00
S. T300E+01

0. 0000E+00

0.0000E+00
0.0000E+00
0.0000E+00
0.0000€+00
0. 0000E+00
0.0000E+00
¢.0000E+00
0.0000E+00
1.74528-02

0.0000€+00

.........

.......
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0,0000E+00
0.0000€+00
0.0000E+G0
0.0000E+00
0. 0000E+00
0.0000E+00
0.0000E+00
0. 0000E+00
0.0000E+00

1. 0000E+00

0.0600€+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000€+00
0.0000E+00
0.0000E+00

1.0000E+00
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APPENDIX A2

Matrix used to postsultiply the B aatrix:

1.74528-02 0.00008+00 0.0000E+00 0.0000E+00
0.0000E+00 1{,7452E-02 0.0000E+00 0,0000£+00
0.0000E+00 0,0000E+00 1.7452E-02 0.0000E+00

0.0000E+00 0,0000E+00 0.0000E+00 1,7452E-02

Matrix used to presgltiply the C satrixs -

€.7S00E+01 0.0000E+00 0.0000E+00 0.0000E+00
[!“‘ 0.0000E400 5.7300E401 0,0000E400 0.0000E+00
- 0.0000E+00 0,00005+00 5.7300E+01 0.0000E+00

0.0000E+00 0.0000E+00 0.0000E+00 1.0000E+00
Matrix used to postsultiply the C satrix:

1.0000E+00 0.0000E+00 0.0000E400 0,0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0,0000E+00 0. 0000E+00

0.0000E+00 1.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
0.0000E+00 0.0000E+00 1.0000E+00 0.0000E+00 0,0000E+00 0.0000E+00 0,0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
0.0000E400 0,0000E+00 0.0000E+400 1.7452E-02 0.0000E+00 0.0000E+00 0,0000E+00 0,0000E+00 0,0000E+00 0.0000E+00
0.0000E+00 0,0000E+00 0.0000E+00 0.0000E+00 1.7452E-02 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 1{.7452E-02 0.0000E+00 0.0000E+00 0.0000E+00 0, 0000E+00
0.0000E+00 0.0000E+00 0.000CE+00 0,0000E400 0,0000E+00 0.0000E+00 1.74SZE-02 0.0000E+00 0,0000E¢00 0.0000E+00
0.0000€+00 0.00605400 0.0000E+00 0.0000E+00 0.0000E+00 0,0000E+00 0.0000€+00 1,7452E-02 0.0000E+00 0.0000E+00
0.0000E+00 0.0000E+00 0,0000E400 0.0000E+00 0.0000E+00 0.0000E+00 0,0000E+00 0.0000E+00 1.7452E-02 0.0000E+00

0.00G0E+00 0.0000E+00 0.0000E+00 0,0000E+00 0.0000€+00 0,0000E+00 0,0000E+00 0.0000E+00 0.0000E+00 1.0000E+00
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PLANT MATRICES SCALED FCR UNIT TRANSFORMATION ONLY

A NATRIX (B x 8)
=1.9012E-02 -1.1094E-02 ~4.2241E-04 -1, 4744E-04 -2,79B4E~04 2,7804E-02 0.0000E+00 S.!570E-04
5.8364E-04 -8,0771E-02 3.4869E-04 -1,128BE-02 1.5559E-03 -1.3641E-01 2.2994E-03 -35.9374E-07
7.2953E-06 -7.8932E-05 -3.3842E-02 -1.4018E-02 1.0713E-01 1.7002E-04 0.0000E+00 1.3294E-04
6,3384E-03 -3.3650E-01 -4.1072E-02 -2,2072E-01 -1.2851E-01 -1.4504E-02 -1.6206E-01 4., 1B45E-05
-3.7689€-05 -1.2608E-04 3.8555E-02 -5.7594E-03 -2.0682E-01 1.4001E-04 0.0000E+00 -2.5124E-03
~7.9321E-04 -5.9116E-02 2.1699E-04 -3.50813E-03 4.7420E-04 -1,9379E-01 2.6177E-04 -b,7592E-08
0.0000E+00 0.0000E+00 0.0000E+00 1,0000E+00 2,3811E-04 -9,1343E-03 -1.3327E-12 -5,2735E-03

0.0000E+00 0.0000E+00 0,0000E+00 0,0000E+00 9.9960E-01 2.8184E-02 6.2730E-03 0.0000E+00

B MATRIX (3 x &)
=7.3435E-04 -2.6291E-04 1.260BE-05 1,2608E-05
0.0000E¢00 1,0802€-02 -7.4312E-04 7,8312E-04
=6,3021E-03 -6.6698E-09 -4, 4313E-03 -4.4313E-03
0.0000€+00 1,0988€-02 3,3763E-02 -5,3783E-02
3 57B4E-03 1.2405E-07 -6.1424E-03 -6, 1424E-03
0.0000E+00 -1,5105€-02 -8.6874E-05 8. 4874E-03
0.0000E400  0.0000E+00 0.0000E+00 0.0000E+00

0,0000E+00  0.0000E+00 0.0000E+Q0 0,0000E+00
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C MATRIX (4 x 8)
0,0000E+00 0,0000E+00 0,0000E+00 0.0000E+00 0.0000E+00 0,0000E+00 1.0000E+00 0.0000E+00
0.0000E+00 0.0000E+00 0,0000£+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 1.0000E+00
0,0000E+00  0,0000E+00 0,0000E+00 0.00006+00 -2,8185E-02 9.9944E-01 1.4S52E-10 3.7430€-03

9.1576E-03 -2,8183E-02 9.9954E-01 0.0000E+00 0,0000E+00 0.0000E+00 1,3B06E-02 -4,3313E-01
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APDENDZX A3

PLANT MATRICES SCALcD FOR UNIT TRANSFORMATION AND WEIGHTINGS
ON iNPUTS AND QUTPUTS

A MATRIX (8 x 8)
-1,9012€-02 ~1.1096E-02 ~4,2241E-04 -1,6744E-04 ~2,7984E-04 2,7804E-02 0.0000E400 3,1370E-04

5.8344E-04 -8.0771E-02 3.4469E-04 -1,128BE-02 1.4559€-03 -1.3441€-01 2,2994E-03 -3.9374E-07

PP SO

7,2953E-06 -7.8932E-05 -5,3862€-02 -1,4018E-02 1.0713E-01 1.7002E-04 0.0000E+00 1.3294E-04
6,3584E-03 -3.3650E-01 -4.1072E-02 -2,2072E-01 ~1.2851E-01 -1.4504E-02 -1.56206E-01 4, 1B43E-0F
=3, 7689E-05 -1.2608E-04 3,8555E-02 -5,7594E-07 -2,0682E-01 1.4001E-04 0.0000E+00 -2,5124E-03
~T.932(E-04 -5.9116E-02 2,1499E-04 -3,5B13E-03 4.7420E-04 -1.9379E-01 2.6177E-04 -6,7392E-08
0,0000E400 0.0000€+00 0.0000E+00 1,0000E+00 2,5811E-04 -9.1343E-03 -1,3327€-12 -6.2733E~03

0.0000E+00  0.0000E+00 0.0000E+00 0,0000E400 9,9960E-01 2.8184E-02 4.2730E-03 0.0000E+00

B MATRIX (8 x &)
-7.34556-04 -3.9417E-04 1.5760E-03 1.5740E-05
0.0000E+00 1.5395E-02 -9,3390E-04 9.3390E-04
-6.9021€-03 -9,9997E-09 -3,5391E-03 -5.5391E-03

0.0000E+00 1.6473E-02 4.7228E-02 -6.7228E-02

3.5784E-03 1.8B98E-07 -7.47BOE-03 -7.6780E-03
0.0000E+00 ~2.2644E-02 -1,0839E-04 1.0839E-04
0.0000E+00 0.0000E+00 0.0000E+00 0,0000E+00

0.0000E+00 0.0000E+00 0,0000E+00 0.0000E+00
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APPENDIX A3

C MATRIX (4 x 8)
0.0000E+00  0.0000E+00 0.0000E+00 0.0000E400 0.0000E+00 0,0000E+00 1,0000E-01 0.0000E+00
0.0000E+00  0.0000E+00 0.0000E+00 0,0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 1.0000E-01
0.0000E+00  0.0000E+00  0.0000E+00 0.0000E+00 -2,818SE-02 9.9944E~01 1.4552€-10 §.7450E-05

9.1376E~03 ~2.8183E-02 9,995E-01 0.0000E+00 0.0000E+00 0.0000E+00 1.3B04E-02 -4, 3313E-01
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APPINDIX 31

POLES, IEROS AND EIBENVECTORS

EIGENVALLUES

~2.0413€-02 =2,0413E-02 ~2,0618E-02 -3.3461E-02 -1.0403E-01 -1,0603E-01
1,4066E-02 -1.4064E-02 0.0000E+00 0.0000E+00 3.8084E-01 -3,3084E-01

J.17126+08  3.3004E+08

9.4583E-03 £.4585E-03
2.121BE-03 -2.1218E-03

2.0006E-03  2.0004E-03
~1,8330E-03 1.8330€-03

-1, 1404€-02 -1.1404E-02
-7,1516E-02 7.1514E-02

-5.2527E-03 -3.2527E-03
3.3729E-03 -3.3729E-03

6,0737€-03  4.0737€-03
-2.4203E-02  2.4203€-02

-5.J494E-04 -3, S494E-04
4.9147E-04 -4.9147E-04

7.7598E-04 7.7398E-04
J.7620E-92 -3,7420E-02

-7.4935E~01 -7.4935E-01
6,5439€-01 -6, 8439E-01

TRANSMISSION IEROS

E1GENVECTORS (MODAL MATRIX)

5.2178E-01 -4,3995E-05 -4.3995E-05
0,0000E+00 2,9054E-04 -2.9054E-04

3.46126-01 -7,5258E-04 -7.3258E-04

6,0006E-02 7.7846E-03

2.2280E-02  3.42608-01
0.0000€+00 -1.3309E-0t

0,0000€+00 1.2834E-02 -1.2836E-02

7.7845€-03

0.0000E400 1.1036E-02 -1.1036E-02

3.4260E-01
1.3309€E-01

1,5018€-02 1.807SE-03 1.8073E-03
0.0000E+00 4.8844E-03 -4,8844E-03

-1, S735E-0t -1,9903E-01 1,9061E-03
0.0000E+00 0,0000E+00 4,0419E-03 -4,0419€-03

152

-2,8418€-02 ~1.3178E-01 -1, 9431E-03 ~1.9431E-03
0.0000E+00 0,0000E+00 3.0331E-03 -3.0331E-03

-1, 1242E-01 -7,3935E-01 -5.3490E-01 -5, 5490E-01
0.0000E+00 0.0000E+00 -7, 4436E-01 7,4456E-01

1,9061€-03

=2,2040E-01 -2, 4761E-01
0.0000€+00 0, 0000E+00

5.8381E+03 -1,9007€-02 ~1,2729E~01 -5.8321E+07 -1.2904E+07 -7.9637E+08

-3.4014E-04 3, 3478E-02
0.0000E+00 0,0000E+00

2,7841E-03 -3,7199E-01
0.0000E+00 0.0000E+00

1.3399€-01 -4, 4993E-03
0.0000E+00  0.0000E+00

-2.2220E-02 -1.9978€-01
0.0000E+00  0.0000E+00

=2, 1241E-01 ~1,7764E-02
0.0000E+00 0.0000€+00

4,5092€-03 -4,2513E-01
0.0000E+00 0,0000E+00

1,2856E-01 7.9343E-01
0.0000E+00 0.0000E+00

9.59106-01  9,8394E-02
0.0000E+00 0.0000E+00
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APPEND:X 32

CONTROLLABILITY MATRIX

1.6352€6-01 1,0504E-01 3.53J4€-01 3.4637E-01
-3.76008-01 -1,8233E-04 -2.9672E-01 -3.0245E-01

1.6332E-01 1.0304E-01 3.5IJ4E-01 3.6637E-01
3.76006-01 1.8233E-01 2.9672E-01 3.0243E-01

~4.8062E-03 -3.9264E-01 -5.4036E-03 -4, 4330E-03
~2.0819E-10 -1,S146E-09 -3.3261E-09 3.27435E-09

4.0734E-03 7.1184€-01 1.7878E-03 -2,3278E-03
J.1612E-10 2.7899E-09 6. 1340E-09 -6.1254E-09

~2,33326-02 1,2539€-01 4.3242E-01 -3,9234E-01
J.4091E-03 2.8794E-01 2.9887E-0t -3.2909E-01

=2.3332E-02 1.2539E-01 4.3242E-01 -3.9234E-01
=3, 4091E-03 -2,8794E-01 -2.7887E-01 3.2909E-01

~5.2938E-01 -2,3894E-02 1.4470E-01 1.3493E-01
-2,0413E-11 3.4676E-10 7.9478E-10 6.7265E-10

J

<5.4850E-03  2,2961E-01 -5.4294E-0F 9.4034E-03
-9.9081E-12 2.134BE-11 4.4031E-11 -2,7408E-1)

OBSERVABILITY NATRIX

7.7396E-04 7.7598E-04 -1.1242E-01 -7,3935E-01 -5.J690E-01 -5.5690E-01 1.28546E-01 7.9363E-0t
3.7520€-02 -3.7620E-02 0.0000E+00 0,0000E+00 -7.4456E-01 7.4434E-01 0,0000E+00 0.0000E+00

-7, 4933E-01 -7.4933E-01 -1.8733E-01 -1.9903E-0! 1.9061E-03 1.9041E-03 9.3910E-01 9.8394E-02
6.3699€-01 -4,5659€-01 0,0000E+00 0.0000E+00 4,0419E-03 -4,0419€-03 0.0000E+00 0.0C00E+00

) DRI, g AN RSN

=7,6899E-04 -7,6899E-04 -2,8351E-02 ~1,3217E-01 -1.9932E-03 ~1.9932-03 1.0449€-02 -4, 2448E-0!
1,21126-03 -1.21126-03 0.0000E+00 0,0000E+00 2.8944E-03 -2.8946E-03 0.0000E+00 0.0000E+00

3.317€-01  3.1317€-01 B.7825E-02 1,3101E-01 -7,1194E-04 -7.1194E-04 -2,7979E-01 -2,5367E-02
=3.5528E-01  3.3326E-01 0.0000E+00 0,0000E+00 -1,3387E-03 1.3387E-03 0,0000E+00 0.0000E+00
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APPENDIX B3
; YODEL 2ASED COMPENSATOR XATRICES
' L MATRIX (12 x &
5. 2839E-01 -3, 6891E+01 -1, 9800-02 -B.9967E+00
& 31664E-03 5,66126-02 -3,0290E400 1,0072E-02
2 .233SEH01 2,01426400 ~4,B6026400 7. 1824€-01
;%if -1, 1SB3E#01 -7.64BIE-01 5.2128E400 1.1306E-01
5;: ~1. 2643603 3,9664E-02 ~4,S390E-14 9. 1576€-03
g 3.8909E-03 ~1.2207E-01 1,3969E-15 -2, B183E-02
~1,3800E-01 4,3294E+00 ~4.9SME-14 9. 9954E-01
- 0.0000E+00 0.0000E+00 0,0000E400 0, 0000E+00
o~ 41013611 1,6191E-05 ~2,B1B3E-02 2.82726-14
.f} -1, 4SHE-09 -5, TAZSE-04 9, 9956E-01 ~1.,0027E-12
N 1.0000E401 6, 4753E-11 1.0100E-18 4.3422€-11
- 2.9472E-10 1,00006401 B,5822E-14 2,9328E-09
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1.9075€+00

-2.3374E402

b 1, 7309€-02

o =4, 3139E400

_ 3. 3175€-01

h -1, 3371E+02

a5 3,3927-01

- -1, 34076402
=
L
&

RS oA A et i it s dok S Sk Al -l R A 4 e Aen are

APPERDIX B3

MODEL BASED COMPENSATOR MATRICES

CONTROL GAIN MATRIX - 6 (4 x {2)

1,7309E-02 3.3175E-01 3,3927E-01 ~2,2603E400 &.35B4E+00
6.0251E-02 1.131BE+02 2,9814E+00 -2,4295E400 1,27S5E+02

3.6408E+00 2,7069E-02 -5,3234E-02 B.B669E-02 9.1410E+00

1,4955E400 7,0839E+00 -2,BS37E+02 1.2667E+00 1,3071E+00

2,7069€-02 2,2008E+00 -4.1713E-01 ~1,1099E400 -3,4200E+00

2,5322E+01 ~1,5522E401 1. 1943E401 1,736BE+01 4,0942E+0!

=5, 3234E-02 -4, 1713€~01 2,1780E+00 ~1,3532€+00 1,0440E+0}
~2.50608+01 -1,0521E+01 -3,8677E400 ~2,1052E401 4,189BE+01

FILTER GAIN MATRIX - H (12 x 4)

~3.9202€-02 ~3.2113€+00 -3,B250E-02 ~7,79B3E-01
3,2510E-02 8.4010E-03 -2,6152€-01 ~3,6334E-03
1.11B0E+00 1.B430E-01 -2,B643E-01 1,5468E-02
~1,0348E+00 -7,6073E-02 3.2537E-01 5.3964E~02
9.5416E-04 2.0790E-03 3,5B01E-02 7,4520E-04

1, 9483E-03 -5,3266€-03 -0.4929E-02 ~3. S440E-03

Cﬁ: ~1.0162E-02 3.7689E-01 1.03426-03 B.7100€-02

. S.2396E-03 6,097SE-03 -1,42206-02 4,562026-04

'i ~3.9137E-03 -3.B8591E-05 ~1.9355E6-03 8.6403E-05

o “b,6970E-03 3. 1829E-04 §,S711E-02 1.3147€-03
‘é.' 9.2545E-01 1,31148-02 -5,5B35E-02 ~3,1072E-02
P
[ 1.3114E-02 8.7089E-01 3,4730E-03 -1,2924E-03
P
o
-.::-.
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7.10128-409
-2, 041392
-1, 2040~

-7.92255-01

g, J000E-20
-1, 2066832
. 0000530
0.0000e+30

9.29498+02
=1.9007e-92
-1, 9419891

=1 445552703

1. 7100€-03
0. 9000E+0
=3, 743083t

®ssom

2.34338+03

POLES AND 2ZR2

AP I B AR I,

APDENDIX B4

S OF TEE OPEN AND

PEN LOGP Pl

{1z 28

Rz3L 2487
1.Oi40E-05  §,02088-10 5, 0208%-:
=2.08182-92 -3, 3451202 -1, 960381
=2 470180 -3, 5063T~91 -3, 5063891
=1 3002E-00 -1.300Z5+08 -1, 35008400

INAGINARY PaRT
5.51252-09 -3, 3148509

. 0640500 1488
3.30842-9

0.90008+00 0., 0000800
0.0000E+00 5. 5017E-91 -5, e17E-M
1.3200E+00 ~1.3200E+00 9.2000E+00

OPEM LOOP ZERCS
HE L]

RESL PART
9.28468+02 1. T4%E-02 1. T345EA02
<1 UGIE=)2 -2.0404E-07 -2, 0404292
-1, 2729801 -2.0333E-01 -2.2075E~01
-1, %663E+05 ~2.03718+07 -4.9196E~05

INAGINARY PART
127498402 ~1,23475+02
{1, 4084202 ~i, H24E-02
0.0000E+00 0, 00008200
0.0000E+00 1, 44552+04

<1, 7100E+03
£.9000E+00
0. 0000E-00

=2, 3453803

156

CLCSED LOOP SVSTENMS

3007E-22 «2, M413E-92
-1, 0653551 -1,27282-91
0979E-91 -7,09708-21

Q2TSEHN -1, 2T7IT=N0

0. 20005+80 1. 4088832
~3.3084E-91  9.0000E+00
1, 32338400 -4, 3235E-00

1.9220E-00 -1.9220E+00

1.8137E+00 1, S099E+00
=5, TL43E-02 -1, 0619E-0L
-1, ZETEA2 -1 23TEHR
<4, F198E-05 ~7.2851E+04

T.81018+04 -7, 3151504
0.0000E-00  3.7490E-01

JAFE0Z -1, 23492402
-1, §375E+08  0.0000E+0
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‘n ADDENDIX B4
.‘_:‘ DOLES AND ZSROS OF THE OPEN AND CLOSED LOQP SYSTENS
: H 24)
[
REAL PART ]

=1.89175-02 1. 9007802 -Z.02998-07 ~2.02993~02 -4, 2257802 4. 2337E-02
=8, 57228-02 8. 7075802 -9.51042-02 -1, 0740201 -1, 0F402-01 -1.27292-01
=2.20058-01 -2,8290E-01 ~3.54282-01 =3.3428E-01 -7,07142-01 ~7.0714E-01
=7.14T1E-01 -1, 25B42+00 ~1.25RAE+00 -1, 41252+00 -1,89482400 ~1.BI44E+00

IMAGINARY PART
0.00002+00 0.00002+00 1.40782-02 -1.4075E-02 IJ.2891E-02 -3.24912-02
0.0000E+00  C.0000E+00 0.00008+00 3.B2022-01 -3,B202E-01 0 0000E+00
0.00002+00 0.00002+00 5.30332-01 -5.350332-01 1.Z7SiE+00 -1.2751E+00
0.0000E+00 {.Z795E+00 -1.2753E+00 0.0000E+00 1.BAFEE+00 -1 88982450

CLE35 z X
(1 z 24) -

REAL PART
LF7118+03  §.78528+01 9.7852E+01 ~1.9007E-02 -1.9161E-02 -2.0403E-02 )
°2.0403§°02 =S5 7143E-02 -1.05192-01 -1.0619E-01 ~1.2729E-01 -2.0323E-01 i
2, 2075E-01 -3.1904E+01 -3, 19048401 -9, 9733‘*01 2. 97335401 ~1.2079E+02
=1.0792402 -1.799BE+03 ~1.79962+03 -1.21928 -1.21?2.+0‘ -B.5286E+04

INASINARY PART
-3.9187E¢02 9.8791E+01 -2.8791E+01 0.00003+00 0.0000Z+00 1.4043E-02
=1.4043E-02 0.0000E+00 3.7490E-0! -3.740E-01 0.0000E+00 0.0000E+00
0.0000E+00  2,1984E+03 -2.19B4E+03 9.8791E+01 -9.6791E+01 2.7447E+04
=3 7R4TE+04 1, (325E403 -1, 1TTSE+03 2, JA9BE+04 -2,3498E404 0, 0000E+00
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APPENDIX C.

o b

S30R: LINEAR MOD:Zo

STATEZ SPACE MATRIC=S GF TH

QRIGINAL MATRICES PRIOR 70 SCALING

A MTRLE
=3, 3249E-02 ~2.1911E-02 -2.7720€~-03 ~-1.8964€-02 -2,9343E-01 3.1674E+00 0.0000E+00 2.9325E-04
1. 1461E=03 -1.5919E-01 -1,9338E-03 -1, 1464E400 1,1278E-01 ~1.3397E+01 1.3004E-01 -1.7364E-03
2,42256~05  4,5499E-04 -1, 0831E-01 -1,5984E+00 1.2070€+01 8.0194E-02 0.0000E+00 7.3397E-03

2.4614E-04 -1, 15B0E~02 -1.3226E-03 -4.J44SE-01 -2.3879E-01 ~7.1T73E~03 -1.399SE-01 2.1403E-03

~5.37326-06 -1, SESE-05
=2 TSWAE-0 -2,027TE-03
0.0000E+00 0, 0000E+00
0.0000+00 0, 0000€+00
0.0000E+00 0. 0000E+40

1.2326E-01 -1.0728E-01

1.3207E<03 -1, 1380E-02 ~4.07SSE-01 1.0074E-04
2.4063E~03 -3.10346-03  3.4042E-03 ~3.8180E-01
0.0000E+00 1.0000E+00 1.3427€-02 -1.2348E-01
0.0000E+00 0.0000E+00 9.7414€-01 1.0810E-01
0.0000£+0G  4.000CE+00 -1,0873E-01 1.0018E+30

9.8455E-01  0.0000E+00 0.0000E+00 0.0C0CE+00

3 MR
=1.6315E-03 -5.8396€-02 2.8022E-03
0.0000E400 2.3119E+00 -!,49%0E-01
<1, 44428400 -1, 481SE-04 -9.8474E-91
0.0000E+00 4,2584E-92 2.0848E-0t
1.38726-02 4.88428-07 -2.3823E-02
0.0000€+00 ~$,8393E-02 -3.3874E~04
0.0000€E+00 0.0000E+00 0.0000€+00
0.0000€+00 0,0000E+00 0.0000E+00

0.0000E+00 0.0000E+00 0.0000E+00

0.0000E+00 0.0000€+00 0.000QE+QQ
159

0.0000E+00 -2.4934E-03
2,5835E-04 -3.4895E-06
=2.0244E-10 -1.2660E-02
1.2467€-02 0.0000E+00
1043809 1. 3B0%E-03

1.5702E400 -4.3493E+01

2.3022E-03
1.5930E-01
-3.3476E-01
=2.0848E-01
-1, 382302
3. 2674E-04
0.0000E+00
0.0000E+00
0.0000€+00

0.0000€+00

Caind ol S S+ S =i

0.0000E+00
0. 0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0. 0000E+00
0.0000E+00
0.0000E+00
0.0000E+00

0.0000E+00

0.3000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000€+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000€+00

0.0000€+00
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STATE SPACE MATRICIES OF THE S30R1 LINEAR MCDEL

REDUCED AND SCALED PLANT NATRICES WITH APPROPRIATE C MATRIX

A MaTRIZ

=3.32696-02 -2, 1964€-02 -2,7533E-03 -3.J1T3E-04 2,0734E-03 S5.3394E-02 0.0000E+00 3.128%E-0%

1. 1417E-03 -1.5939E-01 -3.3784E-05 -2.3578€-02 2,B33IE-03 -2.56860E-01 2.274SE-03 -2,5914E-05
=4, 7476E-04 1.3910E-03 -9.5526E-02 -2.7949E-02 2.1163E-01 7.5140E-04 0.0000E+00 1.J221E-04
1. 3943E-02 -4, 4430E=01 -8.0931E-02 -4.3452E-01 -2.S262E-01 -2.1920E-02 -.5030E-01 1.8264E-03

7. 14106-08 -2,3929E-04 7.8117E-02 ~1.1404E-02 -4.0813E-01 ~7.7327E-04 0.000QE+00 -2.4983E-03

=1.S782E-03 -1.1622E-01 3.4035E-04 -8.0011E-03 2.2809E-03 -3.8201E-01 2,3893E~04 -2.9501E-04
0.0000E+00  0.0000E+00 0.00.0054»00 1.0000E+00 1.1328€-02 -1.0338E-01 -4.9332€-10 -1.2633&*02

0.0000E+00 0,0000E+00 0.0000E+00 0.0000E+00 9.74Z7E-01 1.06B9E-01 1.2494E-02 0.0000E+00

NPT A LRI

B MATRIX K

-1, 26“5‘03 -1, :2795.03 ’l “ZSE'OS 9. M'os
0.0000E+00 6,0491E-02 -3,4976E-03 3.5976E-03

-2.5204€-02 -3.8743E-08 -2, 1483E-02 -2, 1483E-02

0.00006+00 6.3BATE-02 2.5060E-01 -2,5060E-01

1.3873€-02 7.328E-07 -2.9781E-02 ~2.9781E~02 -

N

000006400 -8, TBA4E~02 4. 2094E=04 4, 2004E-04 j

000006400 0,0000E400 0,0000E+00 0. 0000E+00 .

0.0000+00 0.0000E+00 0,0000E400 0. 0000E+00 :

F
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STATZ SPACE MATRICES 27 THEE S3CRI LINEAR ¥CTEL

0.0000E+00 0.0000E+00

C MATRIX

0.0000E+00 0.0000E+00 0.0000E+00

0.0000E+00 1.0000E-01 0.000CE+00

0.0000E+00 0.0000E+00 0.0000E+00 0,0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 1,0000E-01

0.0000E+00 0, 0000E+00

1.0339E-01 -1.04Z9E-01

0.0000E+00 0.0000E+00 -1,0749E-01

9.8873E-01 0.0000€+00 0,0000€+00

161

7.9984E-01  4.4827E-09 1,3314E-03

0.0000E+00 2.7119E-02 -8, 4843E-01
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APPENDIX C2 :
F MATRTCES CF THE 30 XNOT CCHPENSATOR %
FILTER GALN MATRIZ o
b
:_1
-1,02826400 -1, 3198E+01 ~3, 1019€-01 ~2. 16806+00 .
1I9Z3E-01 7.3276~02 ~T.SI41E-01 2,8994E-02 3
1.9031E+00 1.7664E400 -3, 6329E-01 1,S85TE-01 bl

=1, 4904E+00 4.2519E-01 [.2014E+00 1.1413E-01

A

9.3005E-03 4.4870E-0t 9,2493E-02 3.4981E-02

6,37TTTE=)3 -3.4783E-01 -2,5334E-01 -3.3983E-02

2.4814E-02 4.1892E400 2.1197E-01 4.9849E-0L

1.8704E-01 2,4765E-01 -3.52206-01 4.9200-02

-3, 0473E-02 -4, Z343E-03 -3, 1907E-02 3, SII7E~04 f
; Bt
q -4,2073E-02 2.13316-02 3.8SI0E-01 -4, Z349€-03 7
g S.JATIEF00 2.1792E-01 -3.8501E-01 ~1,S210E-01
P 2.17926-01 4.9887E400 2,3425E-01 -4,8414E-03 %
s CONTROL SAIN MATRIX &
> f‘;
3 }
1.34876400 1,4722E-03 -1.B437TE-03 3.23306-03 -2,8935E400 2.1863E+00 A
h -2.30B1E+01 4,6479E-02 2,I364E+01 2,0238E+00 -2,3789E-01 2,SISIE+0L L.
- 1.47226-03  2.0983E400 1, 173IE-02 -4.26716-02 ~4.71006-02 2.5212E+00 &
- “T.6947E-01 1,90IE-01 1.7016+00 -2,3196E+01 8,3982E-02 3.4430E-01 <
g -1, 9437€~03 -1, 17336-02 1.3133E400 -3.5292E-01 ~7.9515E-01 -1,3192E+00 o
1 -8,51S5E400 2,8982E+00 -1, 9369E+00 1,4S96E+00 1,4934E+00 4,8954E+00 L
t:l 3.23206-03 -4, 2671602 -3.52926-01 1.283SE+00 -9, 410SE-01 2.76126+00
3 -3, 71126400 -2.5781€+00 -S,3551E-01 4.3046E-01 -1, 9771E+00 5. $3096+00
h\
::: -
3 ]
% N
p.” -
e o'
g 162 :
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APPENDIX CZ

MATRICZS JF THE 20 XNCT COMPENSATIR

L MATRIX

: B =5.0839E-01 -3.56479E+01 S.4433E-01 ~4.ISISE+O0
{.S810E-02 B.7114E-02 -1.52B4E+00 &.4870E-03
3.3827E+00 3.3S27E+00 -2,43ITE+00 4. 4871E-0t

-2.6340E400 B8.8502E-01 2.7345E+00 1.S32SE-01
-2,8%82E-02 B8.9419E-01 B.1347E-14 1.0339E-0t
2.8824E-02 -9.0182E-01 -8.2242E-14 -1.0629E-01
~2.6814E-01 8,J8BBE+00 7.530ZE-13 9.3873E-01
0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
4.9774E-09 1. 41S4E-OT ~1.0629E-01 -4.4349E-13
=4.5300E-08 ~1.J164E-02 9.8873E-01 4.1272E-12
1.0000E+01 -1.4891E-09 -3.B3444E-17 1.2088E-i1

-1,3284E-10 1.0000E+0t 6.9211E-12 -5.3B4LE-09

OPEN LOOP EIGENVALUES

«SBAJE-0? 0.0000E+00 0,0000E+00 0,0000E+00 -1,4175E-02 -3.8412E-92
=4, 4084E-01 -4.4084E-01 -4,5114E-01 -3.0484E-01 -3.3963E-01 -3.8943E-0

=4,0661E=02 -4.2886E~02 -7,1364E-02 -1.9689E-01 -1.9689E-01 -2.3114E-0L
=3, S148E-01 -9,5148E-0t ~[,0104E+Q0 -1.3887E+00 -1.JBATE+Q0 -1, 4442E+00

0.0000€+00 0.0000E+00 0,0000E+00 0.0000E+00 0.0Q00E+00 0, 0000E+0Q
4,7901E-0t -4.7901E-01 0,0000E+00 0.0000E+00 1.1384E+00 -1, 1344E+00

0.0000E+00 0.0000E+00 0,0000E+00 3. 1300E-01 -3, 1300€-01 0.0C00E+00
1.0148E+00 -1.0148E+00 0,0000E+00 1,3184E+00 -1,3186E+00 0.0000E+00
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APPEND.X C2

MATRICES OF THZ 20 XNOT CIMPENSATOR

OPEN LOOP TRANSMISSION IERQS

1.0000E+30 1.0000E+30 1.0000E+30 {.0000E+30 1.1425E+08 1.0192E+08
=3 9767E-02 -3.9767€-02 ~1.9869E-01 -2,0469E-01 -2,0469E-01 -2.3097E-91

1.2816E+03  1.4250E+04 1.2133E400 1,2202E400 -~{,4234E-02 -1.8414E-02
=2,8357E-01 -4.5944E-01 ~1,4263E+04 -1.2B14E+03 -8.5484E+07 -5, 3038E+09

" Rty te "

0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
1.8540E-03 ~1.4540E-03 0.0000E+00 2,8343E-01 -2.8343E-01 0.0000E+00

0.0000E+00 0.0000E+00 1.0851E+04 -1,0831E+04 0.0000E+00 Q.0000E+00
0.0000E+00 0.0000E+00 0,0000E+00 0.0000E+00 0.0000E+00 ¢, 0000E+00

i

CLOSED LOGP EIGENVALUES

=1.4220E-02 -3.8414E-02 -3.8479€~02 -4,1399E-0Z -1,0317€-01 -1.0317E-01 g
+3.1064E=01 -5.1064E-0L -5.1514E-01 -5.2333E-0t -3.2333E-0L -7.1313E-01 . 1

A il TP

-2.2970E-0t -2.3970E-0f -2.S5106E-01 -2.7292E-01 -2.7292E-01 -4.1228E-01 .
-7.4533E-0L -7,52326-01 -7.5232E-01 -1,0388E+00 -1.19STE+0Q -1.1937E+00 =

0.0000E+00 0.0000E+00 0.0000£+00 0.0000E+00 1.0439€~01 -1.0459E-91
7.0401E-02 -7,0401E-02 0.0000E+00 9,2146E~01 -9.2146E=01 0.0000E+00

3. J649E-01 -3.3849E-01 0.0000E+00 2.7737€-01 -2.7737€-01 0.0000€+00
0.0000E+00 B.39S3E-01 -8.5953E-01 0.0000E+00 1,1639E+00 -{.1439E+00

CLOSED LOOP TRANSMISSION IERGS

7.3203E410 1.1350E+04 B.5830E+03 &.7422E+03 2.3300E+02 2,3300E+02
=3.9768€~02 -3.9748E-02 -1.9B49E-01 -2.0449E-01 -2.0449E-01 -2.5097E-01

1.5900E400 1.4499E+400 2,5446E-01 7.5307€-01 -1.4Z33€-02 -3.3414€~02

o ~2.83576-01 ~4,ST44E-01 -5.0498E+02 -5, 7AI2E+03 -8, 68Z3E+03 -1, 1349E+04 N
E 0.0000E+00 0.0000E+00 0.000E+0Q 0,0000E+00 4, SB7BE+02 -4, JATRE+2 j
o 1,8527E-03 -1,4527E-03 0,00006+00 2,G343E-01 ~2,93436-01 0.0000€+00 .
o A
[~ 2.44706405 -2, 44706405 1, 34506404 -1, S4SOE+04  0,0000€+00 0, 0000€+00 5
2 0.0000E+00 0,0000E+00 0.0000E+00 0,0000E+00 0,0000E+00 0,0000E+00 2
2 ;
E;i 3
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